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ABSTRACT

This annual summary report documents the second year's effort on a program of
critical assessment and evaluation of procedures, test specimens, and test tech-
niques for application to structural reinforced plastic materials at cryogenic

temperatures.

The program covered by this reporting period includes a statistical evaluation of
testing techniques and data, a determination of the possible effects of environ-

ment, and the testing of structural plastic models.

This report discusses the work performed by Goodyear Aerospace Corporation
on National Aeronautics and Space Administration Contract NAS 8-11070 during
the period from 29 June 1964 through 30 June 1965. This contract is under the
direct supervision of Mr. John T. Schell of the Non-Metallic Materials Branch,
Materials Division, Propulsion and Vehicle Engineering Laboratory, NASA-
MSFC.
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SECTION I. INTRODUCTION

The immediate goal of this program is the development of improved test techniques
and methods to more realistically determine the engineering potential of reinforced
plastics for structural applications at cryogenic temperatures. During the first
year's effort on this program, four forms of reinforced plastic laminates were
chosen as the most representative of the materials to be used in cryogenic appli-
cations. These laminates were reinforced with S/HTS glass in the form of Style
1543 and 1581 cloth and unidirectional and bidirectional 20-end roving, and used

an epoxy prepreg resin system conforming to Specification WS-1028A. The basic
physical and thermal properties to be determined for these laminates were tensile
strength, elongation, modulus of elasticity, compressive strength, flexural
strength, interlaminar shear strength, bearing strength, tensile hysteresis, ten-
sile notched/unnotched ratio, density, thermal conductivity, and coefficient of
expansion. Test temperatures were 298, 197, 77, and 20°K.

Test specimen design and testing techniques were of prime importance. Through
a program using a literature survey and preliminary testing, test procedures

were developed that yielded the desired data on physical and thermal properties
for each material at all test temperatures. Using these test procedures, a limited
amount of test daia was developed for cach of the laminates at the four test tem-

peratures to complete the first year's effort.

The planned program for the second year's effort was a logical extension of the
first year's effort and was divided into three tasks. The first task included a
statistical evaluation of the first year's test effort to establish the reproducibility
and general validity of this data. Simple mathematical expressions were derived
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that best characterize the test data, and the closeness of the fit of the test data to
these mathematical expressions indicated the general validity of the test results.
However, the need for additional test data or variations in test methods was also
indicated in a few instances, and additional testing was performed in these areas.
The second task of this year's program was a series of experiments conducted to
determine the effects of environmental parameters upon physical properties.
Panels of all four materials were exposed to a light and water exposure cycle prior
to the testing of specimens in flexure and compression. Tests indicated no detri-
mental effects from this exposure. The final task was the validation of the pre-

viously developed data through the testing of structural models.
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SECTION II. TASK I - EVALUATION OF TESTING TECHNIQUES

A. GENERAL

The purpose of Task I of this year's program was to further evaluate the testing
techniques and methods developed during the first year's effort through a statistical
analysis of the test data generated during the first year. If further data was needed
or if an alternate test method was to be evaluated, supplemental testing was to be

performed. The results of the Task I effort are discussed in this section.
B. STATISTICAL ANALYSIS
The objectives of the statistical analysis of the test data were as follows:

(1) To derive simple mathematical expressions that best characterize the
test data.

(2) To evaluate the accuracy with which these equations represent the test
data.

(3) To determine the lower tolerance limit, based on the standard deviation
of the test data, which 95 percent or more of future specimens will ex-

ceed with a confidence level of 95 percent that the estimate is correct.

The first objective was met by fitting to the test data, through least squares prin-
ciples, the following equation in which y is the dependent response variable, i.e.,
tensile strength, flexural modulus, etc:

y = ag + ajX] + agxy + agx3y + aj1x12 + agoxg? + ag3x3>
(1)

3 3
+ a111"13 + aggoXeY + 2y9X1Xg + 213XX3 + A333X3

where
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xy = test temperature (°K),
X9 = direction of loading cn the test specimen,
xg = resin content (used only with unidirectional filament-wound inter-

laminar shear).

The multiple regression coefficients, ik in Equation 1 are obtained by least
squares minimization in order to best fit the test data. These coefficients are
listed in Tables 1 through 4 for the following laminates:

(1) Bidirectional Filament-Wound (BFW)

(2) Unidirectional Filament-Wound (UFW)

(3) 1543 Cloth

(4) 1581 Cloth

The second objective of the analysis is satisfied by the multiple correlation coef-
ficient, R. The value of R is always between zero and unity. Zero means that
there is no correlation between the y data and the independent x variables included
in the form of equation used. Unity means that the fitted equation fits the data
perfectly. However, the linear value, R, is difficult to quantitatively relate to
the data; a more easily interpretable value is R2. The number R, when squared
and multiplied by 100 (R2 x 100), represents statistically the percentage of random
variation in the y variable that has been accounted for by the independent variables
(x's) included in the analysis and/or the form of the equation fitted to the data.

The value of R may be computed by using the simple correlation coefficient be-
tween the observed y values, designated yo, and the y values computed from the

equation, y., fitted to the data. Then,
n E'Yoyc - (ZYO) (Eyc)
9 2
n ZYOZ - (ZYO) \/:z:yc2 - (Eyc)

where n is the sample size and X represents summation.

4

R =
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Table 1.

Multiple Regression Coefficients - Statistical Analysis
(BFW Laminates)

Recression Bearing Clt Comp Flexural Clt Flexural Interlaminar Tensile Ult Tensile Clt Tensile Ult Tensile
Cutf{ikienls Strength Strength Mod Strength Shear Strength Mod Elong 20 -1979K Elong 298°K Strength
) (y) () (v) (v) () (y) (¥) [§a v)

4 8.4924 x 104 1.2368 x 10° 6.5166 x 108 2.2208 x 10° | 6.7371 x 103 6.0944 x 108 | 3 7642 3.6183 1.8361 x 109

4 21,1075 % 102 | 2.3379x 102 | -9.6401x 103 | 3.6817x102 | 2.1924 x 10 | 4.8244x10% | 2.1578 x10°2 -- -9.5356 x 10

ay <2.1540 x 102 | -3.1809 x 103 | -7.5769 x 10-4 | -6.6591 x 103 | -8.8704 x 10 1.1493 x 105 | -5.4256 x 104 1.4348 x 1071 | -3.3533 x 103

4y -- -- . -- I -- -- -- -- -- -~

! t

ayy -9.6570 x 1073 | -1.0723 2.1575x10 | -1.7394 -7.1832x 1072 | -2.7328 x 10 | -7.2072 x 109 - -

99 2.8374 3.1781 x 10 6.7698 x 102 6.3852x 10 | 8.8503 x 10-1 | -3.2525 x 103 | 1.2057 x 103 -- -

2 41,8695 x 1071 | 3.0151x 10°1 | -1.7655 x 10 1.9535 -2.2988 x 1072 | -4.9679 x 10 | -4.0540 x 1073 - 1.2218

Ay -- -- - -- -- - -- -- --
Temp 20 - 298 20 - 298 20 - 298 20 - 298 20 - 298 20 - 298 20 - 197 298 20 - 298
Range (VK)
Loading
Direction 0-90 0 - 90 0-90 0-90 0-90 0-45 0- 45 0-45 0-45
Range (V)
R2 x 100(')) | 81.82 87.05 92.26 50.75 94.62 83.17 99.25 97.46
Remurks HVD HVD EVD HVD

HVD - Highly v

uriable data

EVD

- Excessively variable data

Table 2.

Analysis (UFW Laminates)

Multiple Regression Coefficients - Statistical

— — _,_,_r_
Regression Beuaring Ult Comp Flexural Uit Flexural Ult Tensile Interlaminar Tensile
Coefficients Strength Strength Modulus Strength Strength Shear Strength Modulus

) ¢ (! () 53] () ()
3 7.85255 x 104 | 2.3954x10% | 8.9724x105 | 5.1443x10% | 282496 x 10 | -1.52560 x 107 | 1.00735 x 107
aj -4.02552 x 10% | -2.2674x 102 | -6.0116x103 | -9.4019 x 102 | 8.34574 x 102 | 3.70108 x 102 | -3.03902 x 10
ap -- -5.2908 x 103 | -1.5319x10% | -1.3336 x 10% - - .
a3 - -- -- -- -- 1.161128 x 106 -
aq; 2.99155 -2.5809x 1071|  1.2726 x 10 -2.5247 x 1072 -2. 80203 -1.84633 x 10°1| 2.21997 x 102
agy - 3.5415 x 10 1.0834 x 108 8.3029 x 10 - - -
agg - -- - -- - -4.25080 x 104 --
aro - 2.5203 -1.8854x 10 1.2548 x 10 - -- --
ayy; -6.15712 x 1073 - - -- -- -- -4.73501 x 10°1
a3 -- -- -- -- -- -1.71987 x 10 --
Temp 20 - 298 20 - 298 20 - 298 20 - 298 20 - 298 20 - 298 20 - 298
o R - - - - . -
Range (°K)
Loading
Direction 0 0-90 0-90 0-90 0 0 0
Range (©)
Resin
Content - -- -- -- -- 18.68 - 19.03 --
Range (%)
RZ x 100 ()| 8.03 93.08 98. 96 97.33 39.40 68.0 79.9
Remarks HVD - SSS HVD - SSS§ HVD - SS§ sss

HVD - Highly variable data

S8SS - Small sample size
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Table 3. Multiple Regression Coefficients - Statistical
Analysis (1543 Cloth Laminate)
———
R . Tensile Notch Tensile Flexural Ult Comp Ult Tensile Ult Flexural Ult Tensile Bearing Interlaminar
Ceg;fe.s.s;o;; Strength Mod Mod Strength Strength Strength Elong Strength Shear Strength
oefficien y) ) ) %) ) (y) (y) (y) (y)
ag 2.2098 x 105 | 5.99271x 106 | 57378 x 106 | 1.2084x10% | 2.2693x105 | 2.2220x10° | 3.6119 8.0296 x 104 | 1.41917 x 104
a 19910 x 102 | -1.16431 x 103 | -5.2262 x 103 | -7.6047 x 10 |-1.0192x 102 | -2.2200 x 10-2| 4.4558 x 10> | -1.0079 x 102 |16.18501
ag -5.5305 x 103 | -1.05632 x 105 | -8.9160 x 104 | -2.0123x 103 | -6.3454 x 103 | -4.1549 x 10% |-4.9196 x 102 | -2.6900 x 102
ayg -1.6600 x 1071 | -2.68495 1.0539 x 10 -2.0602 x 10°1{-3.0207 x 10°1 | -2.3144 x 10-1|-1.3020 x 1070 3.1779 x 10-2 | -1.06253 x 107}
aga 3.7849 x 10 8.42179 x 102 | 6.9446 x 102 | 1.4985x 10 | 4.6529 x 10 2.1734x10 | 6.8142x 1074 1.1096
ajg 2.7632 -2.40059 x 10 | -2.9308 x 10 2.1472 x 10°1| 2.1497 2.2649 9.7918x 108 | _1.5431 x 107
Temp 20 - 298 20 - 298 20 - 298 20 - 298 20 - 298 20 - 298 20 - 298 20 - 298 20 - 298
Range (°K)
Loading
Direction 0-90 0 -9 0-90 0-90 0-90 0-90 0- 90 0-90 0
Range (0)
R2 x 100(%%) | 97.87 95.19 97.73 95.59 98.09 97.63 29.86 73.86 66. 4
Remarks Contorted EVD SSS
surface
EVD - Excessively variable data SSS - Small sample size
Table 4. Multiple Regression Coefficients - Statistical
Analysis (1581 Cloth Laminate)
Regression Bearing Ult Comp Flexural Uit Flexural Tensile Tensile Notch | Interlaminar Ult Tensile Ult Tensile
Coefficients Strength Strength Mod Strength Mod Strength Shear Strength Strength Elong
) 2} (y) ) ) y) (y) (y) (y)
a, 7.2386 x 104 1.1395 x 105 3.9802 x 108 1.8371 x 10% | 4.3526 x 108 1.1933 x 105 | 1.2044 x 104 1.3915 x 10° 4.1265
a 1.5317 x 102 | -1.6368 x 102 | -4.0087 x 103 | -1.8539 x 102 |-4.8399 x 103 | -1.0206 x 102 | 7. 4269 6.9711 2.9287 x 1072
ag -4.6551x 10 | -1.4047 x 10 | .5.0530 x 10 | -2.8266 x 103 |-6.2960 x10% | -2.0407 x 103 |-1.2134x 102 | -3.4149x10% | 4.6419 x 102
ayy 2.0818 x 1071 | -3.2453x 10-2 | 5.1410 -2.6333 x 10°1| 3.4882 -1.8759 x 10-1|-6.9378 x 10-2 | -5.2557 x 10-1 | -2.3048 x 10-4
a5y 1. 3000 1.4500 x 10 5.8436 x 102 | 2.9706 x 10! | 6.9922x102 | 2.0480x 10 | 1.2892 3.5038 x 10 | -6.7536 x 1074
ajy -3.5025 x 101 | 1.9290 x 10-1 | -1.5980 x 10 2.8768 x 1071 -6. 4280 6.1458 x 10°1| 2.8132x 10-2 | 6.2282x 10"1 | 1.5390 x 10-5
arnt -- -- - - - .- -- -- 4.1446 x 10-7
age2 - - - - - - .- -- 1.1668 x 10-8
Temp
Range (°K) | 20 - 298 20 - 298 20 - 298 20 - 298 20 - 298 20 - 298 20 - 298 20 - 208 20 - 298
Loading TTYTTITT [ SR
Direction 0 - 90 0 - 90 0 - 90 0 - 9 0 - 90 0- 90 0 - 90 0 - 90 0 - 90
Range (©)
RZ x 100(%) | 71.58 95.27 84.56 96.74 93.79 95.15 84.10 95.97 87.14
Remarks HVD HVD HVD Contorted
surface and
HVD

HVD - Highly variable data
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Thus, R is a measure of the precision of fit to the data. If R2 x 100 is low, then
additional variables (x's) must be admitted into the analysis or their effects held
constant for elimination in subsequent tests. The alternative is to use a different

form of equation for fitting to the data.

Which alternative is used depends on judgments made upon examination of the
original test data. If the variability of this data (y) is too high for fixed conditions
of the test, then obviously the form of the equation is not at fault. It is more
plausible that some unrecorded parameters of the test varied to an effective de-
gree. Such situations are noted in the "Remarks" rows in Tables 1 through 4,
where HVD and EVD stand for highly variable data and excessively variable data
(iny). The R2 x 100 is also recorded for each test condition in each table.

Interpretations of the statistical analysis have been made. When R2 x 100 exceeded
90 percent, this was deemed to be a sufficiently good fit, so that no further analyti-
cal steps were necessary. For thosevalues below the 90-percent level, raw data
was reexamined. Two major reasons were found for these lower values:

(1) The data, y, for each fixed temperature and loading direction was

highly variable.

(2) A severely contorted response surface, i.e., y = f (x1, X3, X3), was
found. This meant that in one region of temperature and loading, the
y-variable surface was sloped in one direction, and in the next level of .
temperature, it was twisted into a slope in the dpposite direction. This
may have been due to an abrupt change of state, which is a common

chemical phenomenon.

For the properties where HVD or EVD appears in the column, either additional
variables that may have produced the fluctuations of the data must be recorded
and put into the fitted equation, or these variables must be held more stable and

the tests repeated. Therefore, supplemental analysis or testing was needed in
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these areas. Additional testing was started in these areas and is reported later in
this report. In the case of the tensile tests of the UFW laminate, the test results

are included in the statistical analysis.

For the properties where a contorted surface prevents a good fit to the curve, the
change-of -state point should be estimated, if possible, and separate equations
fitted in these two regions. A good example of this may be found in Table 1 for
ultimate tensile elongation in the two temperature regions of 2980K and 20 - 197CK.
When originally fitted by one equation over all temperatures, the precision of the
fit was only R2 x 100 = 39.98 percent. But now they are 99.25 percent and 83. 17
percent, respectively. However, the temperature where the change of state may
occur is not known. Additional tests were conducted on the unreinforced resin

at the four test temperatures to determine if variation in the resin properties may

be causing these contorted curves.

For the properties where R2 x 100 > 90 percent, the equation developed for the
test data may be used safely by interpolation, but not too far outside the test
ranges by extrapolation. How far extrapolation may extend has not yet been as-

sessed.

The majority of the properties fall into this R2 x 100 > 90 percent catagory; how-
ever, the values for bearing and shear are consistently below this value. An al-
ternate interlaminar shear test is discussed in paragraph ‘C-3—f of this section.

The bearing results, although variable within a specific material, are similar for
all of the materials, and when analyzed together, more closely approach the R2 x
100 = 90 percent level. The low values of correlation noted for some of the ten-
sile elongation data are a result of the contorted curve caused by the 45-degree
direction test values. The low tensile elongation of the resin at the lower tempera-
ture (see Table 20) is the cause of this. The slightly low value for the BFW com-
pressive strength data resulted in further testing of this property (refer to para-

graph C-3-e of this section). The low correlation values recorded for the UFW

8
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tensile properties are somewhat due to the few test points (24 compared to the 48
for most properties).

The ultimate goal of a materials testing program is to use the data obtained to
design a structure with the material similar to that included in the test program.
Customarily, current procedures in presenting test results involve plotting the
data from a small sample, usually less than 100 test specimens. Curves are then
drawn for some response variable, such as ultimate tensile strength versus tem-
perature. The curves are then used to design structural systems. For fiberglass
specimens, it is widely known that if another small sample of specimens were
similarly tested and a curve fitted to this data, it is very likely that another curve

would result. This variation is due to the chance fluctuations in small samples.

This situation can be remedied through the use of huge samples to more accurately
estimate the average material properties or, less expensively, statistical methods
that include in their basis the sampling variability ignored in contemporary
methods. For example, in the statistical methods applied to the problem of this
program, a mathematical function can be provided for predicting a material
property level that 95 percent of a large number of such specimens will equal or

exceed with a confidence level of 95 percent that the estimate is correct.

To date, a mathematical function has been fitted to the test data by the least
square principle. This consists of a response variable, y, such as ultimate
tensile strength, which is subject to some random va.riatiéns. The controllable,
nonrandom parameters are temperature and direction of loading. These are the
functions defined in Tables 1 through 4. However, these equations should not be
used alone to predict the response, y, for specified values of xj (temperature)
and x9 (direction of loading), because small samples were used to fit this function.

These functions should be used in combination with the following functions:
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m
1 —
SY=S ‘H+Zcii(2i-2i)2+
i=1
m -1 m %
2 Z Z cijlzq - 2 (25 -2 | (2)
i=1 j=i+1

where s, n, cjj, Cij, and zj are given in Tables 5 through 8 and Sy is the standard

deviation, and
Y:y-KC’PSY, (3)

where Y is the value of the response (ultimate tensile strength) for the specified
values of temperature and direction of loading which will be exceeded with the
confidence, C, by a proportion, P, of such future materials, y is the mean value
of the test data as defined by the functions of Tables 1 through 4, and KC, pisa

constant obtained from Table 9.

The steps by which these lower tolerance limits may be computed are as follows:
a. From Table 9 choose a confidence level, C, and the properties of the dis-
tribution, P, that you wish to exceed your predicted response.
b. For the sample size, n, listed in Table 5, 6, 7, or 8, locate the KC, P
value from Table 9. For values of n not in the table, KC, p can be com-

puted as follows:

Kc, P= - - (4)

where

K, p is obtained from tables of the Normal Curve, i.e.,

10
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Table 9. Factors for One-Sided Tolerance Limits
for Normal Distributions

Factors K such that the probability is C that at least a proportion P of the distri-
bution will be greater than y - KSy, where y and Sy are estimates of the mean and
the standard deviation computed from a sample size of n.

W
C = 0.95 C = 0.99
P P
n 0.75 0.90 0.95 0.99 0.999 0.75 1 0.90 0.95 0.99 | 0.999
3 3.804 | 6.158 | 7.655 | 10.552 | 13.857 -- -- -- -- --
4 | 2,619 | 4.163 | 5.145 7.042 | 9.215 -- -- -- -- --
5 | 2.149 | 3.407 | 4.202 5.741| 7.501 -- -- -- -~ --
6 1.895 | 3.006 | 3.707 5.062 | 6.612 | 2.849|4.408 | 5.409 | 7.334 | 9,540
7 1.732 | 2.755 | 3.399 4.641 | 6.061 2.490]3.856 | 4.730 | 6.411 | 8.348
8 1.617 | 2.582 | 3.188 4,353 | 5.686 | 2.252|3.496 | 4.287 | 5.811 | 7.566
9 1.532 | 2.454 | 3.031 4.143 | 5.414 | 2.085]3.242 | 3.971 | 5.389 | 7.014
10 1.465 | 2,355 | 2.911 3.981 1 5.203 1.95413.048 | 3.739 | 5.075 | 6.603
11 1.411 | 2.2%95 | 2.815 3.852 | 5.036 1.854|2.897 | 3.557 | 4.828 | 6.284
12 1.366 | 2.210 | 2.736 3.747 | 4.900 1.77112.773 | 3.410 | 4.633 | 6.032
13 1.329 | 2.155 | 2.670 3.659 | 4.787 1.702 | 2.677 | 3.290 | 4.472 | 5.826
14 1.296 | 2.108 | 2.614 3.585| 4.690 1.645|2.592 | 3.189 | 4.336 | 5.651
15 1.268 | 2.068 | 2.566 3.520 | 4.607 1.596 | 2.521 | 3.102 | 4.224 | 5.507
16 1.242 | 2.032 | 2.523 3.463 | 4.534 1.55312.458 | 3.028 | 4.124 | 5.374
17 1.220 | 2.001 | 2,486 3.415| 4.471 1.51412.405 | 2.962 | 4.038 | 5.268
18 1.200 | 1.974 | 2.453 3.370 | 4.415 1.481|2.357 | 2.906 | 3.961 | 5.167
19 1.183 | 1.949 | 2.423 3.331 | 4.364 1.450 1 2.315 | 2.855 | 3.893 | 5.078
20 1.167 | 1.926 | 2.396 3.295| 4.319 1.424 {2.275 | 2.807 | 3.832 | 5.003
21 1,152 1 1.905 | 2.371 3.262 | 4.276 1.39712.241 | 2.768 | 3.776 | 4.932
22 1.138 | 1.887 | 2.350 3.233 | 4.238 1.3762.208 [2.729 [ 3,727 | 4.866
23 1.126 | 1.869 | 2.329 3.206 | 4.204 1.3552.179 | 2.693 | 3.680 | 4.806
24 1.114 | 1.853 | 2.309 3.181 | 4.171 1.336(2.154 | 2.663 | 3.638 | 4.755
25 1.103 | 1.838 | 2.292 3.158 | 4.143 1.319{2.129 | 2.632 | 3.601 | 4.706
30 1.059 | 1.778 | 2.220 3.064 | 4.022 1.249(2.029 | 2.516 | 3.446 | 4.508
35 1.025 | 1.732 | 2.166 2.994 | 3.934 1.195]1.957 | 2.431 | 3.334 | 4.364
40 0.999 | 1.697 | 2.126 2.941 | 3.866 1.154 | 1.902 | 2.365 | 3.250 | 4.255
45 | 0.978 | 1.669 | 2.092 2.897 | 3.811 1.122|1.857 | 2.313 | 3.181 | 4.168
50 | 0.961 | 1.646 | 2.065 2.863 | 3.766 1.096 1 1.821 |2.296 | 3.124 | 4.096
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[+ o]
( 2
1-P = _1_ / e-x /de,
27

Ki-p
Kl_c2 1 ® 2
azl—m,wherel—C=\/;—;f e-X/de,
) Ki-c
b=K1_p2-—K—1;n—(—:-;

or KC, p can be interpolated (see Reference 1).

c. Select the x1 and x9 values for which you want to predict the response.

d. From these values of X7 and x9, calculate the values of z;:

21 = X1, 29 = X9, 23 = X2, 24 = x22, 25 = X1X9.

e. Compute y from the equation y = ag + ajz{ + agzg + a1123 + agez4 +
aj9zs, using the coefficients of Table 1, 2, 3, or 4.

f. Using the same z; values and obtaining s, n, cjj, Cij and z; from Table 5,
6, 7, or 8, compute Sy.

g. Finally compute Y using y from step e, Kcp from step "b,' and Sy

from step "f."

The assumptions and rationale behind the above methodology may be found in
References 2 and 3. The somewhat complicated procedures and lengthy calcula-
tions have been programmed for GAC's IBM-1401/1410 computer. The results of
these calculations are given in Tables 10 through 13. The lower 95 percent toler-
ance limits of the 95 1;ercent confidence level are given for each material, test
temperature, andtest. These values can be interpreted as follows: 95 percent or
more of a large number of future, similarly produced specimens when tested in

the same manner as the specimens of this program will exceed this lower tolerance
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Table 10. Lower Tolerance Limits - 2980K

Specimen Bearing | Tensile
Material Direction | Tension | Compression| Flexure | Shear| Yield Modulus
(psi) {psi) (psi) | (psi) | (psi) (psi)
UFW Parallel | 252, 463 131, 188 206,123 | 7,344} 38,862 |7,949,774
BFW Parallel | 137,965 87, 445 165,523 | 5,901 | 46,021 | 5,008, 400
45° 16, 492 12,230 22,443 | 3,338/ 39,342 (2,927,700
Normal - 63, 242 134,747 | 3,392 42,982 -
1581 Cloth Parallel 82, 202 58, 225 99,278 | 7,396 39,652 |3,062,848
450 14, 196 26,782 35,836 | 4,631 35,245 1,552, 381
Normal 65,006 53,118 91,353 | 6,925 34,804 (2,837,151
1543 Cloth Parallel | 160,773 83,240 126,491 | 8,127 46,947 | 5,042,851
45° - 25, 660 26,922 - 34, 747 1,797,918
Normal 18,816 27,455 30,573 - 25, 613 1,615,171

Table 11. Lower Tolerance Limits - 197°K

Specimen Bearing| Tensile
Material | Direction{Tension [Compression | Flexure |Shear Yield | Modulus
(psi) (psi) (psi) | (psi) (psi) (psi)
UFW Parallel |312,874| 170,636 307, 626 |12, 439 | 39,998 | 8,831, 456
BFW Parallel |138,858| 119,621 217,784 7,349 | 58,718 |5, 887, 400
45° 20,570 41,768 62,986 | 4,945 | 52,291 }4,032, 500
Normal - 93 988 168, 387 | 5.472 | 57, 997 -
1581 Parallel |108,319| 77,209 132, 351 {10, 257 | 45, 851 |3, 409, 360
Cloth 45° 37,675 44,407 66,913 | 7,282 | 42, 375 |1, 909, 457
Normal 86,016 170,847 122,523 | 9,617 | 44,873 |3,261, 401
1543 Parallel |187,464| 102,372 161,922 (11,994 | 56,790 |5,465, 120
cloth 45° 13,107 43,146 51, 152 - 44,564 12,247,822
Normal 28, 661 45, 328 47,920 - 37,612 12,286,452
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Table 12. Lower Tolerance

Limits - 77°K

Specimen Bearing| Tensile
Material |Direction [Tension| Compression |Flexure [Shear Yield [ Modulus
(psi) (psi) (psi) | (pst) (psi) | (psi)
UFW Parallel |310,574] 207,999 423, 696 |13, 630 | 44, 382 |8, 582,807
BFW Parallel {155, 337| 127,820 232,041 | 7,135|72,796 (6,207,000
459 22,410f 48,310 66,501 | 4,975]| 67,365 |4, 620, 400
Normal - 98. 421 160, 303 | 6,027 73, 854 -
1581 Parallel [124,978 98, 297 163,798 11,712 57,908 |3, 890, 137
cloth 459 51, 641 64, 442 96,790 | 8,583 56,307 (2,424,511
Normal 96, 410 89, 658 150, 585 | 10,735 60, 445 |3, 804,086
1543 Parallel {209,449 118,798 196,790 | 13,808 | 68,413 |5,708, 631
cloth 450 24,829 58, 398 73, 680 - 57,003 |2, 654, 755
Normal 29,1774 59, 166 61, 611 - 50, 608 (2, 807, 542
Table 13. Lower Tolerance Limits - 20°K
Specimen Bearing | Tensile
Material | Direction|{Tension|{Compression |Flexure |Shear Yield |Modulus
(psi) (psi) (psi) (psi) | (psi) (psi)
UFW Parallel |271,669| 218,378 471,670 |[11,857] 44,981 |9,299,958
BFW Parallel |162,864| 118,048 217,912 | 6,129! 178,041 |6,083, 100
459 15, 755 38,703 48,532 | 4,097 173,532 (4, 623,900
Normal - 86, 607 135,634 | 5,410,179, 824 -
1581 Parallel |126,938| 106,902 174,531 [11,517| 64,247 |4, 111,763
cloth 450 51,733, 72,910 107,296 | 8,377| 69,035 |2, 676,441
Normal 95,515 97,085 159,574 |10, 363 68, 323 (4,051, 399
S L 4
1543 Paralle! |214,595| 123,017 209, 181 [13,117{ 72,618 |5, 654, 482
cloth 459 25,609| 62,562 80, 627 - 62, 143 |2, 750, 595
Normal | 23,933| 62,022 63, 805 - 55, 320 |2,883,510
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limit; the confidence probability that this statement is true is 95 percent. In
making these calculations, care must be taken that the results desired are within
the specific range of the variables originally defined by the test results, and also
the dangers of rounding off numbers cannot be ignored.

C. SUPPLEMENTAL TESTING

1. General

As a part of Task I, further testing of simple test specimens was performed to
supplement the data gather during the first year's effort. This supplemental test-
ing can be grouped as follows:
(1) Continuation of tests not completed during the first year's effort.
These tests include tensile testing of UFW material and thermal con-
ductivity testing.
(2) Additional tests that were considered necessary to complete the
data. These tests include further thermal expansion testing; tension,
compression, and flexure tests of the cast resins; additional compres-

sion tests of BFW material; and a modified shear test.

The specimens for mechanical and thermal testing are as shown in Figures 1 and

2 unless otherwise noted.

2. Fabrication

Wherever possible, theflat laminatesproducedand documented duringthe firstyear's
effort of this coniract were used fvr the specimens of the secondyear's cifort. How-
ever, Task I required the fabrication of some additional laminate materials. These
materials have been fabricated with the same meticulous quality and process con-
trol as used in the first year's effort. The basic raw material quality control test

reports on the material used for the additional sheets are presented in Tables 14
and 15. The additional panels were fabricated in accordance with the process

sheets included as Figures 3through 11. Table 16 givesthe resin content of the panels.
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TENSILE SPECIMENS

RADIUS 3.0
2.25
0.75 - -
0.25
r 10 1

SPECIMEN TYPE

0.125 —
STYLE 1581 CLOTH EBE= . a_————— A

STYLE 1543 CLOTH 0.125

—k— —>

FILAMENT - WOUND E= B
BIDIREC TIONAL
0.060 OR 0.030
FILAMENT - WOUND g =i . c
UNIDIREC TIONAL 1‘
0.250  0.175
NOTCHED TENSION L\ ! | 4
(SIMILAR TO ABOVE EXCEPT Y= D
FOR NOTCH AS SHOWN) 1+ T\/L 7 :]
30° FLEXURE - TYPE F
COMPRESSION - TYPE E o 50
4 }
1 I
C .

%
D H_L !

o.5oﬂl Lzﬂe‘o.lzs k2 0.125

INTERLAMINAR SHEAR - TYPE G BEARING - TYPE H
]_OjL 0.375 /0
[— K £]c.938
ti;jj 0.75 k— 0.7 ' :f‘_l—
_,l L—Eo.lzs k——5s.0 0 Izs
1.0

Figure 1. Specimens for the Mechanical Properties Test Program
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0.250 (£0.002) IN. DIA

THERMAL CONDUCTIVITY TEST SPECIMEN

TEST SPECIMENS WITH REINFORCE-
MENT WINDING DIRECTION TO
SPECIMEN AXIS AS FOLLOWS:

PARALLEL

NORMAL

TRANSVERSE

/
/V 0.250 (£0.002) IN. DIA

COEFFICIENT OF EXPANSION TEST SPECIMEN

Figure 2. Specimens for the Thermal Properties Test Program
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Table 14. E-787 Prepreg Roving Quality Control Test Report (Sheet 1)

Roving Lot No. F1620, U.S. Polymeric, Specification WS-1028A

Roll No. 209-41 Roll No. 206-37 Roll No. 77-7
Property 1 2 3 1 2 3 1 2 3

% VOLATILES
Original Wt (g/yd) 1.547 | 1.552 | 1.550 | 1.566 | 1.564 | 1.560 | 1.529| 1.520 | 1.525
Less Volatile Wt (g/yd) | 1.539 | 1.534 | 1.530 | 1.552 | 1.550 | 1.546 | 1.516| 1.503 | 1.510
Difference 0.008 | 0.018 | 0.020 | 0.014 | 0.014 | 0.014 | 0.013| 0.017 | 0.015
% Volatiles 0.51 | 1.1 1.29 | 0.89 | 0.89 | 0.9 0.85 | 1.1 0.98
Average 0.97 0.89 0.98

IGNITION LOSS
Less Volatile Wt (g/yd) | 1.539 | 1.534 | 1.530 | 1.552 | 1.550 | 1.546 | 1.516| 1.503 | 1.510
Final Wt (g/yd) 1.218 | 1.218 | 1.215 | 1.223| 1.224 | 1.222 | 1.229| 1.229 | 1.227
Difference 0.321 | 0.316 | 0.315 | 0.329 | 0.326 | 0.324 | 0.287| 0.274 | 0.283
¢ Ignition Loss 20.8 [20.6 |20.6 [21.2 |21.0 {20.9 |18.9 | 18.2 |18.7
Average 20.7 21.0 18.6
Wt per Yd (g) 0.6090| 0.6090] 0.6075| 0.6115 0.6120| 0.6110] 0.6145] 0.6145| 0.6135
Average 0.6085 0.6115 0.6141

RESIN FLOW
Original Wt (g/yd) 0.127 | 0.127 | 0.127 | 0.130| 0.131 | 0.131 | 0.128| 0.128 | 0.128
Wt after Curing (g/yd) | 0.117 | 0.115 | 0.115 | 0.116 | 0.117 | 0.117 | 0.117| 0.117 | 0.115
Difference 0.010 | 0.012 | 0.012 | 0.014 | 0.014 | 0.014 | 0.011| 0.011 | 0.013
¢ Flow 7.8 9.4 9.4 {10.7 |10.7 [10.7 8.6 8.6 |10.1
Average 8.9 10.7 9.1

GEL-TIME at 325C0F 2'54  |2'25"  |2'15"  |2v28" | 222 [2'24v |1'50" | 1'52  |1'37
(Minutes & Seconds)
Average 2'31" 225" 146"

TENSILE STRENGTH 424, 157 422,076 396,678

(psi)

HORIZ SHEAR STRENGTH
At 2500F (psi) 3,287 | 3,287 | 3,227 | 3,406 | 3,324 | 3,155 | 3,394 3,155 | 3,227
Average (psi) 3,267 3,295 3,259
After 2-hr Water Boil [12,071 [ 11,778 [12,060 {10,040 | 10,279 [10,458 [ 11,713} 11,235 [11,833
Average 11,968 10, 259 11, 594
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Table 14. E-787 Prepreg Roving Quality Control Test Report (Sheet 2)

Roving Lot No. F1620, U.S. Polymeric, Specification WS-1028A

_ D
Roll No. 9-49 Roll No. 100-30 Roll No. 5-47 Roll No. 151-20
1 2 3 1 2 3 1 2 3 1 2 3
1.475 | 1.487 | 1.474 | 1.510 | 1.491 | 1.505 | 1.497 | 1.501 | 1.495 | 1.524 | 1.526 | 1.520
1.460 | 1.473 | 1.460 | 1.495 | 1.480 ! 1.493 | 1.484 | 1.485 | 1.483 | 1.510 | 1.508 | 1.504
0.015 | 0.014 | 0.014 | 0.015 | 0.011 | 0.013 | 0.013 | 0.016 | 0.012 | 0.014 | 0.018 | 0.016
1.0 0. 94 1.0 0.99 0.74 0.79 0.87 1.0 0. 80 0.92 1.18 1.05
0.98 0.84 0.89 1.05
1.460 | 1.473 | 1.460 | 1.495 | 1.480 | 1.49% | 1.484 | 1.485 | 1.483 | 1.510 | 1.508 | 1.504
1.198 1.179 1.196 1.210 1.200 1. 200 1.210 1.211 1.210 1.210 1.214 1.215
0.262 | 0.294 | 0.264 | 0.285 [ 0.280 | 0.293 | 0.274 | 0.274 | 0.273 | 0.300 | 0.294 | 0.289
17.9 18.6 17.9 19.0 18.9 19.6 18.4 18. 4 18. 4 19.8 19.5 19.2
18.1 19.1 18. 4 19.5
0.5990] 0.5995] 0.5980 0.6050] 0.6000] 0.6000| 0.6050] 0.6055] 0.6050 | 0.6050] 0.6070] 0.6075
0.5955 0.6017 0.6052 0. 6065
0.122 | 0.124 | 0.122 | 0.122 | 0.121 | 0.122 | 0.123 } 0.123 | 0.122 | 0.122 | 0.123 | 0.123
0.112 | 0.115 | 0.113 | 0.113 | 0.113 | 0.113 [ 0.112 | 0.113 | 0.112 | 0.113 [ 0.114 | 0.113
0.010 | 0.009 | 0.009 | 0.009 | 0.008 | 0.009 | 0.011 | 0.010 | 0.010 | 0.009 | 0.009 | 0.010
8.2 7.2 7.4 7.4 6.6 7.4 8.9 8.1 8.2 7.4 7.3 8.1
7.6 7.1 8.4 7.6
197" 148" 1'26" 1'54" 2100" 141" 1'23" 1'55" 1'37" 1'47" 1'54" 1'43"
1'33" 1'52" 135" 148"
450, 377 453,049 440, 846 432,646
3,359 | 3,466 | 3,394 | 2,760 | 2,688 | 2,614 | 3,526 | 3,494 | 3,140 | 3,108 | 3,133 | 3,205
3, 406 2,687 3,387 3,149
12,240 {12,000 [12,307 [10,380 [10,920 [ 10,482 [11,760 [ 10,757 [10,964 | 9,639 | 9,360 | 9,518
12,182 10,594 11,160 9,526
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Table 15. E-787 Prepreg Cloth Quality Control Test Report
Dated 7 September 1964

* _
Test U. S. Polymeric U.S. Polymeric
Lot No. D5942 Lot No. D5942
PROPERTIES S/HTS, S-901, 81/38,32(x2)% S/HTS, S-901, 43/38, 32(x2)%
Ignition Loss Ignition Loss
% ResinSolids| 34.35 36. 38
9% Volatiles 1.08 1.72
% Flow 9.9 14.8
Gel Time 1 minute 30 seconds
FLEXURE Ult Ult
TEST Dimension Load | Ult PSI Dimension |Load | Ult PSI
RESULTS (psi) (psi)

0.120 x 1.002 | 532 | 110,603 |0.134 x 0.982| 827 | 140,726
0.125x 1.002 | 512 98,084 | 0.136 x 1.002}| 909 | 147,167
0.122 x 1.001 | 508 | 100,661 |0.137x 0.998| 911 | 145,916
0.116 x 0.999 | 528 | 117,857 |0.138 x 0.999| 881 | 138,959

Avg 106,804 Avg ' 143,192
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PROCESS SHEET NO. 1
SPOOL WIND FLAT PANELS
BIDIRECTIONAL - 1/1 DISPERSION

SR A —

L

+ 4

23" |

i in

FABRICATION INSTRUCTIONS

Laminate Thickness
No. of Layers
Indexing

Material

15

W DN =

5. Tension

AFTER WINDING

U W N

0.125

0. 2499 (using three 20-end rovings)
20-end roving, S/HTS with E-787
resin pre-preg

5 1b/20-end

Cut filaments and remove from flat mandrel.

Trim ends of panels, making them approximately 23 x 23 inches.
Number panels and mark filament direction.

Store in freezer, if necessary, in a sealed bag.

Cure panels per process card (4 hours at 325CF, 50 psi pressure).

W.O. No. 866732
U.S.0. No. 558
Date 7/22/64

Panel No: 1000
1001
1002
1003

U.S. Polymeric Lot No. F1620
Packages 7, 131, 197

Figure 3. Process Sheet No. 1
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PROCESS SHEET NO. 2
SPOOL WIND FLAT PANELS
BIDIRECTIONAL - 1/1 DISPERSION

23?1 ——— ]

]

+ +

23vv

FABRICATION INSTRUCTIONS

Laminate Thickness
No. of Layers
Indexing

Material

15

W DN

5. Tension

AFTER WINDING

O W LN =

0.125

W.0O. No. - 866732
U.S.0. No. - 569
Date - 7/24/64

Panel No: 1004
1005
1006
1007

U. S. Polymeric Lot No. F1620
Packages 214, 111, 21

0.2499 (using three 20-end rovings)
20-end roving S/HTS with E-787
resin pre-preg ‘

5 1b/20-end

Cut filaments and remove from flat mandrel.

Trim ends of panels making them approximately 23 x 23 inches.
Number panels and mark filament direction.

Store in freezer, if necessary, in a sealed bag.

Cure panels per process card (4 hours at 325°F, 50 psi pressure).

Figure 4. Process Sheet No. 2
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PROCESS SHEET NO. 3 W.O. No. - 866732
SPOOL WIND FLAT PANELS U.S. O. No. - 569
UNIDIRECTIONAL Date - 7/24/64

Panel No. 1008
1009
1010

L‘ 1011

U.S. Polymeric Lot No. F1620
Packages 23, 86, 223, 75, 101, 186

23" ——

30n

FABRICATION INSTRUCTIONS

1. Laminate Thickness - 0.250

2. No. of Layers - 35

3. Indexing - 0.2499 (using three 20-end rovings)

4. Material - 20-end roving S/HTS with E-787
resin pre-preg

5. Tension - 5 1b/20-end

AFTER WINDING

Cut filaments and remove from flat mandrel.

Trim ends of panels making them approximately 23 x 23 inches.
Number panels and mark filament direction.

Store in freezer, if necessary, in a sealed bag.

Cure panels per process card (4 hours at 325°F, 50 psi pressure).

() BEY SN JURY (L

Figure 5. Process Sheet No. 3
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PROCESS SHEET NO. 4 W.O. No. - 866732
SPOOL WIND FLAT PANELS U. S. 0. No. - 569
BIDIRECTIONAL - 1/1 DISPERSION Date - 7/24/64
" Panel No. 1012
23 1013
1014
L 1015
+ + =
U.S. Polymeric Lot No. F1620
Packages 9, 11, 83, 126, 198, 213
23"
+ +[_
FABRICATION INSTRUCTIONS
1. Laminate Thickness - 0.250
2. No. of Layers - 33
3. Indexing - 0.2499 (using three 20-end rovings)
4, Material - 20 end roving, S/HTS with E-787
resin pre-preg
5. Tension : - 51b/20-end
AFTER WINDING
1. Cut filaments and remove from flat mandrel.
2. Trim ends of panels making them approximately 23 x 23 inches.
3. Number panels and mark filament direction.
4. Store in freezer, if necessary, in a sealed bag.
5. Cure panels per process card (4 hours at 325°F, 50 psi pressure).

Figure 6. Process Sheet No. 4
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PROCESS SHEET NO. 5 W.O. No. - 866732
CLOTH REINFORCED LAMINATES U.S. 0. No. - 788
PARALLEL LAYER ORIENTATION Date - 9/14/64

Panel No. 1018
oot 12"
U.S. Polymeric Roll Batch
No. D5943
DIRECTION
OF ROLL
12H
FABRICATION INSTRUCTIONS
1. Laminate Thickness - 0.250
2. No. of Layers - 25
3. Material - 1543, S/HTS, S-901,43/38, E-1787

pre-preg cloth, 32(+2)% ignition loss

AYUP

Cut cloth to panel dimensions.

Indicate major reinforement direction on each layer using scotch tape.
Store in freezer, if necessary, in a sealed bag.

Layup panel on curing mold.

Cure panels per process card (4 hours at 325°F, 50 psi pressure).

QW W N =

Figure 7. Process Sheet No. 5
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PROCESS SHEET NO. 6 W. 0. No. - 866732
CLOTH REINFORCED LAMINATES U.S.0. No. - 788
PARALLEL LAYER ORIENTATION Date - 9/16/64
Panel No. 1019
15H
1
DIRECTION OF U. S. Polymeric Roll Batch
ROLL No. D5943

FABRICATION INSTRUCTIONS

1. Laminate Thickness - 0.250
2. No. of Layers - 26
3. Material - 1543, S/HTS, S-901,43/38, E-787

pre-preg cloth, 32(x2)% ignition loss

LAY-UP
1. Cut cloth to panel dimensions
2. Indicate major reinforcement direction on each layer using scotch tape.
3. Store in freezer, if necessary, in a sealed bag.
4. Layuppanel on curing mold.
5. Cure panel per process card (4 hours at 325°F, 50 psi pressure)

Figure 8. Process Sheet No. 6
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PROCESS SHEET NO. 7 W. O. No. - 866732
CLOTH REINFORCED LAMINATES U.S.O. No. - 788
PARALLEL LAYER ORIENTATION Date - 9/16 /64

Panel No: 1020

S L—

1021
1022
[
U.S. Polymeric Roll Batch
No. D5943
30. 5" DIRECTION
OF ROLL
?
FABRICATION INSTRUCTIONS
1. Laminate Thickness - 0.250
2. No. of Layers - 26
3. Material - 1543, S/HTS, S-901,43/38, E-T787

pre-preg cloth, 32 (x2)% ignition loss

LAY-UP

Cut cloth to panel dimensions.

Indicate major reinforcement direction on each layer using scotch tape.
Store in freezer, if necessary, in a sealed bag.

Lay up panel on curing mold.

Cure panels per process card (4 hours at 325°F, 50 psi pressure).

U W

Figure 9. Process Sheet No. 7
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PROCESS SHEET NO. 8 W.O. No. - 866732
CLOTH REINFORCED LAMINATES U.S.O. No. - 788
PARALLEL LAYER ORIENTATION Date - 9/16/64
P : 1023
121 anel No: 1
U. S. Polymeric Roll Batch
No. D5942
12" DIRECTION
OF ROLL
\

FABRICATION INSTRUCTIONS

1. Laminate Thickness - 0.250

2. No. of Layers - 23

3. Material - 1581, S/HTS, S-901,81/38, E-T787

pre-preg cloth, 32 (x2)% ignition loss
LAY-UP

1. Cut cloth to panel dimensions.

2. Indicate major reinforcement direction on each layer using scotch tape.

3. Store in freezer, if necessary, in a sealed bag.

4. Lay uppanel on curing mold.

5. Cure panels per process card (4 hours at 325CF, 50 psi pressure)

Figure 10. Process Sheet No. 8
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PROCESS SHEET NO. 9 W.O. No. - 866732
CLOTH REINFORCED LAMINATES U.S.0. No. - 788
PARALLEL LAYER ORIENTATION Date - 9/17/64
931" Panel No: 1024
1025
1026
1027

U.S. Polymeric Roll Batch

No. D5942
30 5" DIRECTION
OF ROLL
]
FABRICATION INSTRUCTIONS
1. Laminate Thickness - 0.250
2. No. of Layers - 25
3. Material - 1581, S/HTS, S-901,81/38, E-787

pre-preg cloth, 32(x2)% ignition loss

LAY-UP

Cut cloth to panel dimensions.

Indicate major reinforcement direction on each layer using scotch tape.
Store in freezer, if necessary, in a sealed bag.

Layuppanel on curing mold.

Cure panels per process card (4 hours at 325°F, 50 psi pressure).

D W=

Figure 11. Process Sheet No. 9
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Table 16. Resin Content of Panels

= Panel Resin Content (percent)

No. Specimen No. 1 Specimen No. 2 Average
1000 18.65 18.85 18.75
1001 18.177 18. 49 18.63
1002 18.13 18. 20 18. 16
1003 18.16 17.98 18. 07
1004 17.58 18. 54 18.06
1005 19. 17 19. 28 19. 21
1006 18. 57 18.10 18. 33
1007 18.58 17.90 18. 24
1008 19.68 19.62 19. 64
1009 18. 95 19. 40 19.18
1010 19. 56 19.74 19. 65
1011 17.62 17.63 17.62
1012 19. 56 19.04 19. 30
1013 19.70 19.78 19.74
1014 18.67 18.66 18. 66
1015 18.56 18.70 18.63
1018 35.79 35.69 35.74
1019 35.76 35.69 35.72
1020 34.33 36. 54 35.43
1021 35.52 36. 31 35.91
1022 35. 40 35. 40 35. 40
1023 35. 36 34.59 34. 97
1024 36.33 36. 14 36. 23
1025 36. 30 36. 27 36. 28
1026 33.11 36.13 34.62
1027 35. 40 35.53 35. 46
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3. Testing and Results

a. UFW Tensile Tests. The data on the tensile testing of UFW roving material

at low temperatures was deleted from the first year's results because of pre-
mature failures in the bond of the end reinforcement to the basic specimen. The
use of various adhesives that had given the desired results at room temperature
met with only partial success at the liquid nitrogen temperature. Further tensile

tests of this material were therefore necessary to complete the test data.

New tensile grips that would accept specimens with a longer reinforcement area
were fabricated. The longer area and the use of an Adiprene L-100 and Moca ad-
hesive system with a 160°F maximum temperature cure produced an ultimate fail-
ure in six of seven specimens at 779K (see Figure 12). With these encouraging
results, the UFW tensile and notched tensile specimens were tested at all four
temperatures. The results are shown in Table 17. All failures in these tests in-
dicated that the ultimate tensile strength had been obtained. The strength of the

unidirectional panels in the normal direction at 298°K is also shown in this table.

Figure 12. Ultimate Failures of Unidirectional Tensile
Specimens Tested at 77°K
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Table 17. Supplemental Testing - UFW Tensile Tests

36

M
Test Specimen Test Avg
Test Temp No Results Results
(°K) ' (psi) (psi)

Ultimate 298 UFW-11B-28 307,796
Tensile UFW-12A-28 277,778
Strength UFW-12B-28 297,872
UFW-13B-28 277,055
UFW-15A-28 242,581

UFW-15B-28 282, 258 280,890
197 UFW-11B-28 313,476
UFW-12A-28 344,604
UFW-12B-28 375,672
UFW-13B-28 348,178
UFW-15A-28 314,516

UFW-15B-28 325,781 337,038
i UFW-11B-28 352,377
UFW-12A-28 347,195
UFW-12B-28 383,226
UFW-13B-28 345,994
UFW-15A-28 264,785

UFW-15B-28 290,193 330,628
20 UFW-11B-28 252,623
UFW-12A-28 287,175
UFW-12B-28 334,147
UFW-13B-28 330,645
UFW-15A-28 295, 265

UFW-15B-28 286, 590 297,741
Tensile 298 UFW-11B-29 260, 492
Notched UFW-12A-29 2817, 841
Stength UFW-12B-29 285,618
UFW-13B-29 265, 269
UFW-15A-29 280, 358

UFW-15B-29 284,011 277, 256
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Table 17. Supplemental Testing - UFW Tensile Tests (Continued)

L

Test . Test Avg
Test Temp Spelglomen Results Results
(°K) ' (psi)

Tensile 197 UFW-11B-29 302,579
Notched UFW-12A-29 283,559
Strength UFW-12B-29 326,049
UFW-13B-29 276,750
UFW-15A-29 315,860

UFW-15B-29 298,074 299, 645
(K UFW-11B-29 278,533
UFW-12A-29 324, 324
UFW-12B-29 281,870
UFW-13B-29 308, 090
UFW-15A-29 328,725

- UFW-15B-29 325,736 307,880
20 UFW-11B-29 256, 286
UFW-12A-29 311,185
UFW-12B-29 289,123
UFW-13B-29 269, 370
UFW-15A-29 296,703

UFW-15B-29 326,203 291, 478
Tensile 298 UFW-11B-28 8,640,600
Modulus UFW-12A-28 8, 000, 000
UFW-12B-28 8,234,800
UFW-13B-28 8,129,600
UFW-15A-28 7,985, 400

UFW-15B-28 8,215, 200 8,184,000
197 UFW-11B-28 9, 005,100
UFW-12A-28 9, 068, 500
UFW-12B-28 9,189,000
UFW-13B-28 9,189,000
UFW-15A-28 9, 240,000

UFW-15B-28 8, 800, 600 9,082, 100
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Table 17. Supplemental Testing - UFW Tensile Tests (Continued)

: Test - Test Avg
Test Temp SpeI\cI(l)men Results Results
(°K) ' (psi)* (psi)*
Tensile 7 UFW-11B-28 8,968, 900
Modulus UFW-12A-28 8,636,700
UFW-12B-28 8,871,000
UFW-13B-28 8,942, 500
UFW-15A-28 8,945,700
UFW-15B-28 8,636,700 8,833,600
20 UFW-11B-28 9,716, 300
UFW-12A-28 9,582,600
UFW-12B-28 8,996, 300
UFW-13B-28 9,915, 400
UFW-15A-28 10, 005, 600
UFW-15B-28 9,088, 500 9, 550, 800
Ultimate 298 UFW-11B-28 4.3%
Tensile UFW-12A-28 4.5
Elongation UFW-12B-28 4.6
UFW-13B-28 4.1
UFW-15A-28 4.9
UFW-15B-28 3.9 4.4%
197 UFW-11B-28 4.4%
UFW-12A-28 4.3
UFW-12B-28 4.5
UFW-13B-28 4.4
UFW-15A-28 4.4
UFW-15B-28 4.4 4. 4%
™ UFW-12A-28 5.5%
UFW-12B-28 4.3
UFW-13B-28 5.0
UFW-15A-28 6.0
UFW-15B-28 5.9 5.3%

*Test results are in psi except for ultimate tensile elongation,

percent.
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Table 17. Supplemental Testing - UFW Tensile Tests (Continued)

Test . Test Avg
Test Temp Spe;;:‘e“ Results Results
(°K) ' (psi)* (psi)*
Ultimate 20 UFW-11B-28 4.6%
Tensile UFW-12A-28 6.2
Elongation UFW-12B-28 5.2
UFW-13B-28 4.3
UFW-15A-28 5.3
UFW-15B-28 4.9 5.1%
Ultimate 298 UFW-1A-1 5,844
Tensile UFW-1A-2 6,231
Strength UFW-1A-3 5, 588
(Normal UFW-1A-4 5,146
Direction) UFW-1A-5 6,355
- ' UFW-1A-6 6, 506
UFW-1A-17 6, 304
UFW-1A-8 5,988 5,995

*Test results are in psi except for ultimate tensile elongation, which
is in percent.

b. Thermal Conductivity Testing. Thermal conductivity tests at 20, 77, 197,
and 300°K were performed using the axial heat flow method developed during the

first year's work. This method consisted of measuring the power input and tem-

mal equilibrium conditions. These measurements combined with data on the
cross-sectional area of the specimen permitted calculations of thermal conducti-

vity from Fourier's equation for linear heat flow:

) AT |
q = -kKA = (5)
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where
q = heat flow through the specimen,
k = thermal conductivity,

cross-sectional area of the specimen,

%‘)sz temperature gradient along the axis of the specimen.

The test specimen, a 1/4-inch diameter x 3-inch long rod, was assembled in the
cryostat as shown schematically in Figure 13. Heat transfer between the speci-
men and radiation shield was minimized by evacuating the copper chamber and
differentially heating the shield to approximately the same temperature as the
specimen. Heat conduction in the lead wires from the thermocouples and heaters
was minimized by wrapping the wires around the radiation shield and copper post.
Vacuum-type feed-throughs at the top of the stainless steel evacuation line were
used for electrical connections from the chamber to the associated measuring in-

struments and power supplies.

During the tests, the specimen chamber was evacuated to 10-° torr or lower and
completely immersed in a Dewar containing liquid hydrogen, liquid nitrogen,
acetone and dry ice mixture, or water for testing at 20, 77, 197 and 3309K re-
spectively. Afterthermalequilibrium was obtained, power was applied to the speci-
men and guard heaters to produce a temperature gradient of about 10°K. Temper-
atures along the axis of the specimen were measured with premium grade copper
constantan thermocouples that were referenced to the liquid bath temperature.

The specimen heater power was computed from measured values of the voltage

and current through the heater.

Thermal conductivity test results are given in Table 18. These results indicate
that the thermal conductivity of the fiberglass-reinforced epoxy resin materials

investigated on this program nonlinearly decreases with temperature. The value
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Figure 13. Thermal Conductivity Cryostat Specimen Chamber
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Table 18. Thermal Conductivity Test Results

[ T S
Thermal Conductivity
Material | DReelon O Soerimen | __{mw o - 2K )
: 300°k |197°k | 779k | 20°K
BFW Parallel to reinforcement { BFW-TA and 7.55 3.47 1.08
7B-23-1
BFW-7A and 8.57 3.20 1.09 0.75
7B-23-2
BFW-7A and 6.40 2.01 0.90
7B-23-3
UFW Parallel to reinforcement |UFW-9A and 8.93 3.12 1.16
9B-23-1
UFW-9A and 6.66 2.11 1.27 1.15
9B-23-2
UFW-9A and 6.69 2.53 1.33
9B-23-3
1543 Cloth | Parallel to reinforcement |1543-10A-23-1| 7.95 2.68 0.84
Laminate 1543-10A-23-2 | 6.50 2.40 1.00 0.80
1543-10A-23-3 | 6.29 2.20 1.23
1581 Cloth | Parallel to reinforcement |1581-9A and 9.94 3.14 1.00
Laminate 9B-23-1
1581-9A and 8.53 3.00 1.00 0.86
9B-23-2
1581-9A and 8.16 2.95 1.02
9B-23-3
BFW Across reinforcement BFW-TA and 10.50 2.92 0.92
7B-31-1
BFW-TA and 10.80 3.19 1.07 1.08
7B-31-2
BFW-TA and 10.55 3.37 1.27
7B-31-3
UFW Across reinforcement UFW-9A and 6.90 3.60 1.35
9B-31-1
UFW-9A and 6.79 2.99 1.32 1.19
9B-31-2
UFW-9A and 7.80 3.30 1.30
9B-31-3
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Table 18. Thermal Conductivity Test Results (Continued)

Thermal Conductivity
Direction of Specimen (mw cm-1 °g-1)

Material
Measurement No. 3000K | 197°K | 779K | 20°K

1543 Cloth!| Across reinforcement 1543-10A-31-1 | 11.00 | 3.72 0.90
Laminate 1543-10A-31-2 | 10.70 | 3. 34 1.18 1.05
1543-10A-31-3 | 10.15 | 2.15 1.13
1581 Cloth| Across reinforcement 1581-9A and 9.77 | 3.82 0.79
Laminate 9B-31-1
1581-9A and 8.80 | 3.75 1.20 1.17
9B-31-2
1581-9A and 7.78 { 2.72 1.36
9B-31-3
E-787 E-787-1 2.30 | 1.81 0.93 0.85
Resin

for thermal conductivity at any specific test temperature appears to be dependent
on both the composition and orientation of the individual specimen material com-
ponents. Variations in test results appear to be within reasonable limits con-

sidering the test method and the inherent nonhomogeneity of the materials.
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c. Thermal Expansion Testing. Additional thermal expansion tests of the re-

inforced plastic laminates were appended to the original test schedule when it ap-
peared that additional testing using current techniques would provide an improved
set of data points for a final evaluation. All the tests conducted to obtain the data
given in Table 19 used coincident test procedures and the same quartz support
tube. The dilatometer cryostat (see Figure 14) with the specimen installed was
allowed to stabilize overnight at 77°K. The following day, the specimen was
cooled to 4. 20K with liquid helium and maintained at this temperature until no
further contraction of the specimen was observed. The dial gage reading was re-
corded; thenthe specimen was heated and stabilized at each of the temperature test
points - 20, 77, and 197°K. The integral expansion measurements were completed
with the temperature of the specimen stabilized at 2930K. For continuity and
comparative purposes, the data presented in Table 19 was adjusted for a refer-

ence temperature of 297°K.

Comparison of initial expansion test data, presented in the annual report for the
first year's effort (GER 11214 S/11), with the data of Table 19 indicates that the
magnitude of variation in test results for like material hasbeen reduced. Dilato-
meter calibration curves using an OFHC copper rod were made periodically and,
as shown in Figure 15, indicate the repeatability of the instrument and that there
are no basic problems associated with the selected measurement technique or test

procedures.

d. Cast E-787 Resin Testing. During this year, the mechanical properties of

the cast E-787 resin without reinforcement were also obtained. The purposes of
these tests are to define the properties of the resin at these temperatures in order
to better understand the total laminate's properties and modes of failure, and also
to be more prepared to evaluate other resin systems that might be suggested for
cryogenic use. Cast sheets of the resin, obtained from U.S. Polymeric Chemi-

cals Inc, were tested in flexure, compression, and tension. The test specimens
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Table 19. Linear Thermal Contraction
Lag7-Lr 5
) ) ) "Loan X 10
Direction of Specimen 297
Material |Reinforcement No. T = 297°K|T = 197°K [T = 779K | T = 20°%k[T = 4.2%K
BFW Normal BFW-7A and 0 72 129 145 145
7B-26-1
BFW-7A and 0 72 130 142 143
7B-26-2
BFW-TA and 0 72 133 148 150
7B-26-3
BFW Parallel BFW-TA and 0 72 134 147 149
7TB-24-1
BFW-T7A and 0 82 155 172 174
7B-24-2
BFW-TA and 0 65 125 147 148
7B-24-3
UFW Normal UFW-9A and 0 177 323 363 366
9B-26-1
UFW-9A and 0 175 317 362 364
9B-26-2
UFW-9A and 0 171 320 354 356
9B-26-3
UFW Parallel UFW-9A and 0 39 69 7 78
9B-24-1
UFW-9A and 0 36 61 75 75
9B-24-2
UFW-9A and 0 32 52 59 61
9B-24-3
1581 Normal 1581-9A and 0 111 216 243 246
Cloth 9B-26-1
Laminate 1581-9A and 0 113 213 251 254
9B-26-2
1581-9A and 0 113 213 245 247
9B-26-3
1581 Parallel 1581-9A and 0 105 202 224 227
Cloth 9B-24-1
Laminate 1581-9A and 0 104 201 235 236
9B-24-2
1581-9A and o 114 207 238 240
9B-24-3
1543 Normal 1543-10A-26-1 0 191 352 398 401
Cloth 1543-10A-26-2 0 194 362 407 409
Laminate 1543-10A-26-3 0 192 358 406 409
1543 Parallel 1543-10A-24-1 0 61 111 128 129
Cloth 1543-10A-24-2 0 67 117 134 134
Laminate 1543-10A-24-3 0 58 106 121 122
E-787 E-787-1 0 518 978 1104 1115
Cast E-787-2 0 521 993 1120 1127
Resin
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Figure 14. Dilatometer Cryostat
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Figure 15. Dilatometer Calibration Curves Using OFHC Copper Rod
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Table 20. Supplemental Testing - Mechanical Properties
of E-787 Resin

m
Test Test Temp | Test Results | Avg Results
(°K) (psi) (psi)
Flexure (modulus of rupture) 298 14,046
16,045
21, 447 17,179
197 12, 331
26, 000
17,271 18,534
(i 20, 466
30,882
31,972 27,774
20 7,030
19,890
18, 525 15, 148
Ultimate Compressive Strength 298 19, 256
20, 402
19, 160 19,606
197 38,014
37,621
37,131 37,589
7 40, 478
49, 431
38, 945 42,951
20 37,304
31,681 34, 492
Ultimate Tensile Strength 298 9, 416
9,118 9,267
197 8,762
9,714 9,238
1 14, 217
12,804 13,510
20 12,025
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Table 20. Supplemental Testing - Mechanical Properties
of E-787 Resin (Continued)

L m
Test Test Temp | Test Results | Avg Results
(°K) (psi)* (psi)*
Tensile Modulus 298 520,000
536,000 528, 000
197 788, 900
724, 500 756, 700
M 1,226,600
1,068,000 1,147, 300
20 1,443,000
Ultimate Tensile Elongation 298 2.05%
2.03 2.04%
197 1.30%
1.30 1.30%
77 1.20%
1.20 1.20%
20 0.70%

*Test results are in psi except for ultimate tensile elongation, which is in
percent.

and test methods used were the same as those used on the reinforced sheets. The
results of these tests are shown in Table 20. The tests indicate an increase in
strength through the liguid nitrogen temperature and then a reduction in strength
at 20°K. Also, the tensile tests indicate a continuing loss of ductility as the test
temperature is lowered, which could be detrimental around flaws and discon-

tinuities in actual fiberglass structures.
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Figure 16. Details of Compression Button Assembly with Retaining Rings

e. BFW Compression Testing. The results of the compression tests on the

BFW material during the first year's effort indicated more scatter in the results
than was considered desirable. Inthe compression testing of the UFW material,
it was necessary to include a retaining ring in the compression button assembly
(see Figure 16) to obtain an ultimate failure. Therefore, the BFW compression
tests were rerun using these compression button assemblies. A comparison of
the test results with the retaining rings and without the rings is shown in Table 21.
The amount of scatter has been reduced through the use of the retaining ring,

especially at 77°K.
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Table 21. BFW Compression Results

Temp Ultimate Compression Test Results (PSI)
(°K) With Ring Avg Without Ring Avg
197 100, 873 148, 276

117, 040 153, 131

132,603 126, 408

129,210 146, 859

110, 835 134, 602

113,838  |117,400 | 147,138 138, 752
7 118, 158 122, 361

131, 508 136, 034

140, 622 107,113

127, 086 170, 765

128, 328 107, 111

119,353  [127,509 | 108,271 125, 276
20 142, 687

125, 708

125, 021

131, 962

128, 328

121,261 | 129, 161

f. Shear Testing. In an attempt to obtain less scatter in the ultimate inter-

laminar shear strength of the four materials and in the hope of obtaining values
that are more representative of design values, a guillotine-type shear test method
was investigated. The test specimen configuration, testing fixture, and failed
specimen are shown in Figures 17, 18, and 19. One-fourth inch thick panels of
each of the four materials being evaluated were fabricated, and specimens were
cut. To establish the validity of the test fixtures, specimens from two BFW panels

were tested in the fixture and compared with results obtained using a standard
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Figure 17. Guillotine-Type Shear Test Specimen

ASTM guillotine-type fixture. This comparison, shown in Table 22, indicates a
close agreement of results. The results of the guillotine shear tests are shown in
Table 23. This method of testing for shear strength produced results that were
lower than those previously obtained by the short-beam flexure method; however,
the results appear more representative of the values that could be successfully
used in design. The previously noted reduction in shear strength between 77

and 20°K is again apparent; however, the shear strength at 20°K is greater than

the room temperature values for each of the materials tested.
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Figure 18. Guillotine Shear Specimen
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Figure 19. Failed Specimen
after Guillotine Shear Test
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Table 22. Comparison of Guillotine-Type Test Fixtures

. Specimen Test Ult Interlaminar Shear (psi)
Material No. Method Test Results Average
=
g 1012-1 GAC 6080
o 1012-4 GAC 5240 5660
=
o 1012-5 ASTM 5020
g5 1012-6 ASTM 6460 5740
- O
3 = 1014-1 GAC 3240
%. 1014-4 GAC 3880 3560
. 1014-5 ASTM 5260
1014-6 ASTM 2300 3780

Table 23. Guillotine Shear (Interlaminar Shear Strength) Test Results

Test Test Avg
Specimen Material Temp Specimen Results Results
Direction (°K) No. (psi) (psi)
1581 Cloth 298 1024-1 7,478
1025-1 8, 441
1026-1 7,597
1027-1 8, 247 7,941
77 1024-2 14,721

1025-2 12,657

C 1026-2 11,753 13,044
]
& 20 1024-3 9,881
A 1025-3 6,030
1026-3 9,771
1027-3 11,514 9,299
1543 Cloth | 298 1019-1 9,145
1020-1 7,729
1021-1 7,211
1022-1 8,056 8,035
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Table 23. Guillotine Shear (Interlaminar Shear Strength) Test Results (Cont)

. Test . Test Avg
ls)giglcﬁgﬁ Material Temp Sp(;]c;men Results Results
(°K) ‘ (psi) (psi)
1543 Cloth 7 1019-2 11, 284
1020-2 11,968
1021-2 7,895
1022-2 9, 564 10,178
20 1019-3 10, 446
1020-3 8,847
1021-3 10, 954
1022-3 8, 444 9,673
UFW 298 1008-1 9,004
1009-1 6,514
1010-1 8,446
1011-1 7,302 7,817
7 1008-2 7,878
C 1009-2 6,377
s 1010-2 7,421
§ 1011-2 8,436 7,578
20 1008-3 8,710
1009-3 7, 500
1010-3 6,711
1011-3 9,644 8,141
BFW 298 1012-1 6,050
1013-1 5,230
1014-1 | 3,279
1015-1 4,414 4,743
7 1012-2 8,408
1013-2 - 8,583
1014-2 6,268
1015-2 5,656 7,229
20 1012-3 6,038
1013-3 8, 589
1014-3 6,320
1015-3 5, 348 6,574
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The purpose of Task II of this year's program was to determine the effects, if
any, that exposure to weather may have on the mechanical properties of fiberglass

structures when used at cryogenic temperatures.

Panels of all four materials, which were fabricated during the first year's effort,
were cut into two pieces. One piece of each of the four panels was placed in an
Atlas Electric Company Model XW sunshine arc weatherometer. The cloth (1543
and 1581) pieces were 15 x 18 x 0. 125 inches, and the filament-wound roving
pieces were 12 x 24 x 0. 125 inches. These pieces were exposed to a weathering
cycle in accordance with ASTM specification E-42-57, Light- and Water-
Exposure Apparatus for Artificial Weathering Test. The test consists essentially
of exposing the pieces to 102 minutes of radiation from the open flame-type car-
bon arc, followed by an 18-minute exposure to water spray and radiation. The
pieces were exposed to this cycle for 20 hours per day for 30 days. The other
piece of each panel was stored under ambient conditions for the 30 days. Flexure
and compression test specimens were then cut from both the exposed and unex-
posed portions of the panels and tested according to the test methods developed
during the first year's effort of this program. Tests were conducted at 298, 77,
and 20°K. The results of these tosts are shown in Tables 24 and 25. The results
have given no indication of any detrimental effect from the weathering exposure

on the properties of any of the laminates at any temperature.
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Table 24. Results of Flexure Tests on Weathered Specimens

Test Weathered Specimens Control Specimens
Material Temp Test Results Avg Test Results Avg
(°K) (psi) (psi) (psi) (psi)
1581 Cloth 298 116,845 107,615
(Panel 1581-9A) 111,145 106, 796
109, 834 103,755
113, 327
109, 143
119,524 113, 300 106,055
M 197,754 187, 244
190, 882 198,512
197, 468 186,759
199,299
196, 143
194,790 196,056 190,838
20 194, 726 195, 205
187,876 196, 289
192,795 192, 385
192,771 185, 492
190,935
189, 379 191,414 192, 343
1543 Cloth 298 162, 525 157, 438
(Panel 1543-9A) 157,216 151, 527
162,070 150, 000
157, 845
159, 490
164, 296 160,574 152,988
i 295,714 294, 237
282,608 266, 490
296, 591 300,010
295, 5617
303,124
301, 255 295,810 286,912
20 312,532 309,074
304,055 282, 041
264, 796 246, 446
258, 349 306, 517
314,056
282, 427 289, 369 286,202
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Table 24. Results of Flexure Tests on Weathered Specimens (Continued)

]
Test Weathered Specimens Control Specimens
Material Temp Test Results Avg Test Results Avg
(°K) (psi) (psi) (psi) (psi)
BFW 298 184,317 172,194
(Panel BFW-1004) 234,762 162, 499
192,473 172,792
189, 167
199,255
188,661 198,106 169,828
1 265,804 229,114
266,758 265, 379
253, 250 262,982
275,211
270,695
254, 407 264, 354 252, 492
20 247,373 226,298
234,276 204, 859
235, 247 217,184
242,522 240,116
250, 283
225, 343 239,174 222,114
UFW 298 242,044 242,077
(Panel UFW-3B) 254,671 244, 358
247,635 288,828
245,583
251,400
245,570 247,810 238, 421
71 513,514 517,841
526,874 515,881
476,735 498, 953
383, 504
495,856
508, 649 484,188 510,892
20 537,162 541,103
526, 466 540, 444
524,751 482,645
529,176 556,644
519,630
547,695 530,813 530, 209
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Table 25. Results of Compression Tests on Weathered Specimens
Test Weathered Specimens Control Specimens
Material Temp Test Results Average Test Results Average
(°K) (psi) (psi) (psi) (psi)
1543 Cloth 298 92, 245 90, 414
(Panel 1543-9A) 917, 327 98, 222
93,051 106, 759
104, 242
101, 846
99, 291 98,002 98, 465
7 168, 427 151,030
157, 550 157,120
126, 154 160, 086
168, 439
151,127
145,877 152,929 156,079
20 166,515 149, 249
177,751 140, 233
161, 481 150,871
171, 229
139, 289
171,248 164, 586 146,784
1581 Cloth 298 54,572 53,116
(Panel 1581-9A) 63,258 54, 558
58,815 60, 324
61,061
63,814
65,224 61,124 55,999
7 112,987 92,772
124,213 96,923
96, 406 89, 530
117,128
124,029
109, 334 114,016 93,075
20 123, 337 121,043
106, 963 110, 964
93,603 106, 240
120,895
132,728
119, 965 116,249 112,749
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Table 25. Results of Compression Tests on Weathered Specimens (Continued)
Test Weathered Specimens Control Specimens
Material Temp Test Results Average Test Results Average
(°K) (psi) (psi) (psi) (psi)
BFW 298 109,618 98, 846
(Panel BFW-1004) 106, 784 111,170
99,767 99,075
95, 648
94, 394
90, 452 99, 444 103,030
i 139, 099 131,964
135, 858 118,639
140, 524 123,799
127, 673
131,811
134, 872 134,973 124,801
20 115, 544 108,182
129,834 104, 296
111,131 124, 867
122, 515
139, 625 122,176 112, 448
UFW 298 148,178 145,992
(Panel UFW-3B) 147,317 143,239
150,607 145, 466
164, 700
139,086
138,591 148,080 144,899
7 215,261 236,773
277, 419 201, 243
252,632 207,171
319,838
258,607
261,279 264,173 215,062
20 287, 449 233,735
194,004 182, 054
320,186 187,786
289,084
279,419
252,964 270,518 201,192
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SECTION IV. TASK III - STRUCTURAL MODELS

A. GENERAL

The purpose of Task III of this year's effort was to determine the validity of the
test data derived from small test specimens when related to actual structural
shapes. During this task, rods and tubes were fabricated from the four materials
being evaluated on this program and were tested in tension, compression, and

flexure. The results accomplished during this task are discussed in this section.
B. FABRICATION
1. UFW Rods

a. Processing. Rod test Specimens of the UFW laminate were required for

the determination of tensile,compression, buckling, and flexure properties. The
base laminate of this material in the form of square bars was fabricated using the
filament-winding technique whereby the prepreg roving was maintained under a
controlled tension of 10 pounds per 20-end roving during the winding operation.
Six 20-end prepreg rovings were used side by side to form the 1/2-inch band

width without the necessity for indexing.

The mandrel employed for this operation is illustrated in.Figure 20. This parti-

cular mandrel produced four bars (two per side) during a single winding s&tup.

After winding, ihe uncured laminate was severed at the mandrel periphery. This
was done so that the tension in the rovings would not distort the laminate bars
after curing. Curing was achieved in an autoclave, using a vacuum bag and 90-
psi exterior pressure. The cure temperature of 3259F was applied for four_
hours. A 1/2-inch wide caul plate assured proper pressure transfer to the lami-

nate during the cure cycle.
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Figure 20. Mandrel for Producing Filament-Wound Bar Laminates

The resultant products from the mandrel are 1/2-inch square cured bars 24 inches

long. Each of the rod test specimens was subsequently machined from these bars.
The layout for providing the stock to machine a specific specimen is shown in
Figure 21

b. Rod Test Specimens. The laminate stock was machined by conventional

machine shop methods. The finished dimensions andtolerances shownin Figure 22
were readily attainable. Figure 22 shows the tensile, compression, buckling, and
flexure specimens as machined and subsequently used to complete the test speci-

men assemblies. Photographs of typical rod specimens are shown in Figure 23.
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Figure 21. Layout Diagrams of Laminate Stock for
Machined Rod Specimens
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Figure 22. Dimensional Sketches of Rod Test Specimens
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FLEXURE AND BUCKLING RODS

TENSILE RODS (WITHOUT HOLDERS)

Figure 23. Typical Machined Rod Specimens
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c. Material Characterization. Records were maintained to document the base

prepreg roving spools used to produce the required bar stock. Each specific rod
specimen is identified according to a material unit. This information is sum-

marized in Table 26.

For each raw material unit used in this program, quality control data was obtained.
The quality control provisions of Specification WS-1028B were employed on the 20-
end, S/HTS, epoxy resin preimpregnated roving. This information is given in

Table 27.

Resin contants of a number of rod test specimens were determined. The burn-out
tests were run on segments taken out of flexure and buckling specimens upon com-
pletion of the respective tests. Table 28 gives the resin content of the rod test

specimens.

Table 26. Prepreg Materials Used to Fabricate UFW Bar
Stock for Rod Specimens

* —————

Specimen Prepreg Identification
Rod Tensile (see Fig. 22)

RT-5-1

RT-5-2 2 spools F1718

RT-6-1 { 2 spools MA22-1076 }

RT-6-2 2 spools MA22-1067

RT-7-1

RT-7-2

RT-8-1

RT-8-2

RT-13-1 5 spools MA22-1076

RT-13-2 { 1 spool F1718
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Table 26. Prepreg Materials Used to Fabricate UFW Bar
Stock for Rod Specimens (Continued)

O

“
Specimen Prepreg Identification

Rod Compression (see Fig. 22)

RC-14-1
RC-14-2
RC-14-3
RC-14-5 {5 spools MA22-1076
RC-14-6 1 spool F1718

RC-15-1
RC-16-1
RC-16-2
RC-16-3

Rod Buckling (see Fig. 22)

RB-9-1
RB-9-2
RB-9-3
RB-10-1
RB-10-2 1 spool F1718
RB-10-3 { 1 spool MA22-1067 }
RB-11-1 4 spools MA22-1076
RB-11-2
"RB-11-3
RB-12-1
RB-12-2
RB-12-3

)

20d Flexure (see Fig. 22)

RF-14-1
RF-14-2
RF-15-1
RF-15-2 { 1 spool F1718 }
RF-15-3 5 spools MA22-1076

RF-16-1 ‘
RF-16-2
RF-16-3
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Table 28. Resin Content of Rod Test Specimens
-_
h

; Resin Content (percent)

Ro : -

No. Sp;;gtmlen Spl\e}zfrr;en Average
RB-9-1 21.32 21.07 21.20
RB-9-2 19. 39 21.14 20.27
RB-9-3 22.01 22.02 22.02
RB-10-1 20.92 19.88 20.40
RB-10-2 21.81 21.68 21.75
RB-12-1 21.66 21.47 21.57
RB-12-2 21.84 21.87 21.86
RB-12-3 20. 60 19. 49 20.05
RC-14-1 21.02 20. 68 20.85
RC-14-2 20.94 20.97 20.96
RC-15-1 21.31 20.98 21.15
RC-15-2 20.81 20.88 20.85
RC-15-3 20.31 21.13 20.72
RC-16-1 19.43 20.98 20.21
RC-16-2 20.83 21.20 21.02
RF-16-3 20.90 20.98 : 20.94
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2. Bidirectional Roving and Cloth-Reinforced Cylinders

a. Tensile Test Cylinders. Test cylinders fabricated from the three test

materials were required for tensile tests. The three types of test cylinders fab-

ricated were as follows:

(1) BFW roving reinforcement; interspersed three-ply circo and two-ply
longo; 0.038-inch wall thickness.

(2) Style 1543 glass cloth reinforcement; three-ply wrap; 0. 038-inch wall
thickness.

(3) Style 1581 glass cloth reinforcement; three-ply wrap; 0.038-inch wall

thickness.

Fabrication of these tensile cylinders requires suitable mandrels with a salt insert
between the metal end fittings. The faying surfaces of the metal end fittings prior

to assembly into mandrel form are processed as follows:

(1) Degrease.
(2) Prime with two coats of Bondmaster M602 primer.
(3) Oven Cure: 1/2 hour at 225°F

1 hour at 325 - 340°F.

Upon completion of the machine winding operation and subsequent cure of the part,
the salt insert is dissolved, leaving a hollow cylinder in the test section and the

metal fittings securely in place.

Figure 24 is an engineering drawing of the mandrel assembly. Figure 25 shows a

number of these mandrels in completed form.

The machine winding operations used in the fabrication of tensile test cylinders
of the three materials are illustrated in Figure 26. Typical stages in the process-
ing of these cyliders after winding are shown in Figures 27 through 29. Figure 30

lists the process controls employed for the roving tensile test cylinders. Figure
31 lists those used for the cloth tensile test cylinders.
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Figure 25. Mandrel Assemblies Used for Fabricating Tensile Cylinders
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CONVOLUTE WINDING OF CLOTH PREPREG

Figure 26.

Winding Operations in Fabrication of
Tensile Test Cylinders
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Figure 27. Filament-Wound Tensile Cylinders
Ready for Metal Sleeve

Figure 28. Glass Cloth Tensile Cylinder Ready
for Metal Sleeve

Figure 29. Filament-Wound Tensile Cylinder
prior to Bonding of Outer Metal Reinforcement
Sleeve
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FABRICATION

OO00000O CIRCO -10-LB TENSION,/20 END (TYP)
C—— LONGO - 5-1B TENSION/20 END (TYP)
0000000 CIRCO

C——1 LONGO

0000000 CIRCO

INDEXING

CIRCO -~ 0.0869"/20 END
LONGO - 0.0758"/20 END

FIBERGLASS-REINFORCED PLASTIC (FRP) END REINFORCEMENT

6 SEQUENCES OF
2-PLY, STYLE 341, E-787 PREPREG CLOTH
2-PLY, 20-END, S/HTS, E-787 PREPREG ROVING

PREPARATION FOR CURE CURE
DACRONM PEEL PLY 25" HG VACUUM PRESSURE
CELLOPHANE CURE PLY 1 HOUR AT 175°F
DRY ROVING OVERWRAP 1 HOUR AT 250°F
VACUUM BAG 4 HOURS AT 300°F

PART ALLOWED TO COOL DOWN TO 125°F UNDER
VACUUM BEFORE REMOVAL FROM MANDREL.

Figure 30. Roving Filament-Wound Tension
Cylinder Process Controls
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FABRICATION

3-PLY PREPREG CLOTH WOUND UNDER 1-1/2 LB/IN. TENSION

FRP END REINFORCEMENT

6 SEQUENCES OF
2-PLY, STYLE 341, E-781 PREPREG CLOTH
2-PLY, 20-END, S/HTS, E-787 PREPREG ROVING

PREPARATION FOR CURE CURE
DACRON PEEL PLY 25" HG VACUUM PRESSURE
CELLOPHANE CURE PLY 1 HOUR AT 175°F
DRY ROVING OV ERWRAP 1 HOUR AT 250°F
VACUUM BAG 4 HOURS AT 300°F

PART ALLOWED TO COOL DOWN TO 125°F UNDER
VACUUM BEFORE REMOVAL FROM MANDREL.

Figure 31. Cloth Machine-Wound Tension Cylinder Process Controls
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b. Compression and Buckling Test Cylinders. Test cylinders fabricated from

the three test materials were required for compression and buckling tests. The
three types of test cylinders fabricated were as follows:
(1) BFW roving reinforcement; interspersed four-ply circo and three-ply
longo; 0. 050-inch wall thickness.
(2) Style 1543 glass cloth reinforcement; four-ply wrap; 0.050-inch wall
thickness.
(3) Style 1581 glass cloth reinforcement; four-ply wrap; 0. 050-inch wall

thickness.

The cylinders for the compression and buckling specimens were fabricated on a
metal mandrel (see Figure 32). The cylinder as fabricated is 24 inches long. The
cured cylinder is easily removed from the metal mandrel. The basic compression

andbucklingtest cylinders are cut fromthese 24-inch lengths as shown in Figure 33.

The machine winding operations of the basic 24-inch long cylinders are shown in

Figure 34. These operations are performed under controlled process conditions

as listed in Figures 35 and 36.

c. Material Characterization. Raw materials were recorded according to pre-

preg used in specific test pieces. This information is presented in Table 29. The
quality control data in accordance with Specification WS-1028B for the epoxy im-

pregnated roving used in the cylinders is included in Table 27. The provisions of

Specification WS-1070A-1 were used for the S/HTS epoxy resin preimpregnated
glass cloth. This information is summarized in Table 30. Representative resin

contents of the tested specimens are given in Table 31.

3. Test Specimen Assemblies

|

. |

As aresultof this program, successful structural model test specimens were de- |
|

|

|

veloped. Drawings of each of these test specimens are included as Figures 37 and 38.
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Cylinder Compression and Buckling Test Specimens
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FILAMENT WINDING CIRCUMFERENTIAL PLY |
FOR ROVING-REINFORCED CYLINDER |

|
|
|
!
| : |
FILAMENT WINDING LONGITUDINAL PLY
FOR ROVING-REINFORCED CYLINDER

MACHINE WINDING OF GLASS CLOTH CYLINDER

Figure 34. Machine Winding of Compression and
Buckling Test Cylinders
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FABRICATION

OOOO0000 1 CIRCO - 10-LB TENSION,/20 END (TYP)
C——3 1LONGO - 5-LB TENSION/20 END (TYP)
0000000 1 CIRCO

[ 1LONGO

OO00000 1 CIRCO

C———3 1LONGO

0000000 1 CIRCO

INDEXING

CIRCO - 0.0869"/20 END
LONGO - 0.0758"/20 END

PREPARATION FOR CURE CURE
DACRON PEEL PLY 25" HG VACUUM PRESSURE
CELLOPHANE CURE PLY 1 HOUR AT 175°F
DRY ROVING OVERWRAP 1 HOUR AT 250°F
VACUUM BAG 4 HOURS AT 300°F

PART ALLOWED TO COOL DOWN TO 125°F UNDER
VACUUM BEFORE REMOVAL FROM MANDREL.

Figure 35. Roving Filament-Wound Buckling and
Compression Cylinder Process Controls
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FABRICATION
4-PLY CLOTH WOUND AT 3/4 LB/INCH TENSION,

PREPARATION FOR CURE CURE

DACRON PEEL PLY

CELLOPHANE CURE PLY (FOR 1543 ONLY)

DACRON TAPE (2" WIDE) 1 HOUR AT 175°F
OVERWRAP FOR 1581 ONLY 1 HOUR AT 250°F

VACUUM BAG FOR 1543 ONLY 4 HOURS AT 300°F

25" HG VACUUM PRESSURE

PART COOLED DOWN TO 125°F BEFORE MANDREL REMOVAL.

Figure 36. Cloth Machine-Wound Buckling and Compression
Cylinder Process Controls
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Table 29. Material Characterization Summary of Cylinder Specimens

mm

Specimen Prepreg Identification

Tensile Cylinder (see Fig. 38)
CT-FW-1 MA22-1078
CT-FW-2 MA22-1078
CT-FW-3 MA22-1078
CT-FW-4 MA22-1078
CT-FW-5 MA22-1078
CT-FW-6 MA22-10178
CT-1581-1 D-6233-1
CT-1581-2 D-6233-1
CT-1581-3 D-6233-1
CT-1581-4 D-6233-1
CT-1581-5 D-6233-1
CT-1581-6 D-6233-1
CT-1543-1 D-6232-1
CT-1543-2 D-6232-1
CT-1543-3 D-6232-1
CT-1543-4 D-6232-1
CT-1543-5 D-6232-1
CT-1543-6 D-6232-1

Compression Cylinder (see Fig. 38)
CC-Fw-1 MA22-1078
CC-FwW-2 4886
CC-FW-3 4886
CC-FW-4 4886 -
CC-FW-5 4880
CC-FW-6 4886
CC-FW-1 4886
CC-FwW-8 MA22-1079
CC-FW-9 4886
CC-1581-1 D-6233-1
CC-1581-2 D-6233-1
CC-1581-3 D-6233-1
CC-1581-4 D-6233-1
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Table 29. Material Characterization Summary of

Cylinder Specimens (Continued)

Specimen

Prepreg Identification

Compression Cylinder (see Fig. 38)

CC-1581-5 D-6233-1
CC-1581-6 D-6233-1
CC-1581-17 D-6233-1
CC-1581-8 D-6233-1
CC-1581-9 D-6233-1
CC-1543-1 D-6232-1
CC-1543-2 D-6232-1
CC-1543-3 D-6232-1
CC-1543-4 D-6232-1
CC-1543-5 D-6232-1
CC-1543-6 D-6232-1
CC-1543-17 D-6232-1
CC-1543-8 D-6232-1
CC-1543-9 D-6232-1
Buckling Cylinder (see Fig. 38)

CB-FW-1 MA22-1078
CB-FW-2 4886
CB-FW-3 4886
CB-FW-4 4886
CB-FW-5 4886
CB~-FW-6 4886
CB-FW-17 4886
CB-FW-8 MA22-1079
CB-FW-9 4886
CB-1581-1 D-6233-1
CB-1581-2 D-6233-1
CB-1581-3 D-6233-1
CB-1581-4 D-6233-1
CB-1581-5 D-6233-1
CB-1581-6 D-6233-1
CB-1581-7 D-6233-1
CB-1581-8 D-6233-1
CB-1581-9 D-6233-1
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Table 29. Material Characterization Summary of
Cylinder Specimens (Continued)

Specimen

Prepreg Identification

Buckling Cylinder (see Fig. 38)

CB-1543-1
CB-1543-2
CB-1543-3
CB-1543-4
CB-1543-5
CB-1543-6
CB-1543-17
CB-1543-8
CB-1543-9

D-6232-1
D-6232-1
D-6232-1
D-6232-1
D-6232-1
D-6232-1
D-6232-1
D-6232-1
D-6232-1

Table 30. Quality Control Data for Preimpregnated Glass Cloth

-}
Batch Mfg | Fabric | Percent | Percent | Percent| Gel | F cxural Strength
No. Date Style Resin | Volatiles| Flow Time | Plies | Ult (psi)
D-6232-1 | 11-18-64 | 1543 | 39.03 | 6.69 | 23.61 | 5'40" | 15 | 164,788
D-6233-1 | 11-18-64 | 1581 | 32.96 | 5.17 | 17.35 | 3'58" | 15 | 107,965
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Table 31. Resin Content of Cylinder Test Specimens

*
Resin Content (percent)
T;ge Specimen Specimen
) No. 1 No. 2 Average
1581-CB-1 34.84 34.81 34.83
1581-CB-2 34.81 34. 62 34.72
1581-CB-3 35.24 35.21 35.23
1581-CB-4 34.95 35.08 35.02
1581-CB-5 35.24 35.14 35.19
1581-CB-6 34.95 34.44 34.70
1581-CB-8 34. 64 34.85 34.175
1581-CB-9 34.43 34.417 34.45
1581-CT-1 39.56 35.71 37.64
1581-CT-2 39.81 35.66 37.74
1581-CT-3 38.41 39.12 38.77
1543-CB-6 34.85 34.81 34.83
1543-CB-1 32.94 32.76 32.85
1543-CB-8 34.41 36. 66 35.54
1543-CB-11 36. 14 35.14 35.64
BFW-CB-2 17.77 17.80 17.79
BFW-CB-3 16.98 16.98 16.98
BFW-CB-4 17. 14 17.07 17.11
BFW-CB-5 17.25 17. 34 17. 30
BFW-CB-6 18.00 17.92 17.96
BFW-CB-7 18.29 18.16 18.23
BFW-CB-8 17.90 17.94 17.92
BFW-CB-9 20. 35 20.70 20.53
BFW-CT-1 18.16 18.19 - 18.18
BFW-CT-2 18.30 18.70 18.50
BFW-CT-3 18.11 18.39 18. 25
BFW-CT-4 17. 34 17.58 17.46
BFW-CT-5 17.74 18.16 17.95
BFW-CT-6 18.75 18. 62 18. 69
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14.00(REF)-

TENSILE

J

COMPRESSION

' 6.620 (REF) >

BUCKLING

6.000 - — —

xa
O _ : —— o

FLEXURE

Figure 37. Filament-Wound Rod Assemblies
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C. TESTING

Just as special test fixtures and methods were required for the mechanical proper-
ties testing program during the first year's effort, the testing of the structural
tubes and rods required that new test fixtures and methods be developed to trans-
mit the expected loads. The engineering drawings of the test fixtures fabricated

to test the structural models in tension, compression, buckling, and flexure are
shown in Figures 39 through 43. To enable the load to be transferred from these
test fixtures into the specimens, special end fittings had to be bonded to the as-
fabricated specimens. The tensile specimens required that external sleeves be
bonded to the specimens. Figure 44 shows the sleeves bonded to the tensile rods,
and Figure 45 shows the assembly for the tensile tubes. The compression buckling
specimens required end fittings that provide a socket for the load-transmitting
metal balls. The fittings for the rod and tube specimens are shown in Figures 46
and 47. To provide proper alignment of the compression buckling specimens,
special centering devices were fabricated and attached to the cryostat as shown in
Figures 48 and 49. After a small initial preload is applied to the specimen (see
Figure 50), these centering rigs are removed for the actual test (see Figure 51).
The end fittings for the ultimate compression rod and tube specimens are shown

in Figures 52 and 53. These specimens are sufficiently short that the ultimate
compressive strength is reached before column buckling occurs; however, uniform
loading is required so the end fittings must be maintained-parallel to each other
and perpendicular to the axial direction of the specimen. The test setup for the
flexural test of the rod specimens is shown in the cryostat in Figure 54. The test
setup after the addition of liquid nitrogen is shown in Figure 55. All of the speci-
mens were tested in either an Instron testing machine or a Baldwin testing machine,
depending on the availability and loads required. The rate of loading for each test
was selected so that failure of the specimen would occur within a time span of two

to three minutes, the same as for the mechanical properties testing program.
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The test temperature of 77°K was obtained by submerging the assembled test

specimen in liquid nitrogen contained in a cryostat during the entire test.
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Figure 44. UFW Tensile Rods before Test

Figure 45. Tensile Tubes with Sleeves
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Figure 46. Buckling Rods before Test

Figure 47. Buckling Tube Showing End Fittings

98



GOODYEAR AEROSPACE

CORPORATION

SECTION IV SECTION IV

Figure 48. UFW Buckling Rod in
Cryostat with Centering Rig

Figure 49. Buckling Tube in Cryostat
with Centering Rig
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Figure 52. Compression Rod Specimens before Test

Figure 53. Compression Tube Specimens before Test
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Figure 54. Flexural Rod in Cryostat before Test

Figure 55. Flexural Rod in Cryostat
with Liquid Nitrogen
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D. RESULTS
1. General

The purpose of the third task of the program was to determine the ability to achieve
in structural shapes the properties previously obtained in the mechanical proper-

ties testing program.

The tabulated results of the tests conducted in Task III are given in Table 32.
This table includes the test results of the individual specimens, the average

result for each group of three tests, and the expected results as determined
from the mechanical properties testing program. The values obtained indicate
good agreement with the mechanical properties testing data, and show that the
mechanical properties values obtained in the previous testing portion of the
program are reproducible in actual structural shapes as long as the fabrica-
tion process is comparable. 'The individual tests are discussed in the follow-

ing paragraphs.
2. Compression

Figure 56 shows a compression tube specimen in the test machine just after speci-
men failure. In general, all of the compression test results of the filament-wound
roving specimens compared favorably with the average values previously obtained
in the mechanical properties testing program. The test results for the cloth
specimen, however, are below the values obtained in the previous mechanical
properties testing. This was to be expected since it was not possible to achieve
the compaction in the small diameter cloth tube specimens as it was in the auto-
clave-cured cloth flat panel specimens. However, if the comparison of results
had been based on the amount of reinforcement in the specimen instead of com-
posite thickness, the results would have appeared more favorable. Table 33

shows a comparison of the thickness per layer as achieved on the flat panels
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Table 32. Task III Test Results

! Test Specimen Test Average Expected
Test Configuration | Material Tempgrature peNo Results | Results Properties*
("K) : (psi) (psi) (psi)

Compression Tube BFW 298 CC-2 65, 300
CC-3 66, 300

1 CC-4 75,200 | 68,933 79,225
‘ 77 cc-5 111, 200
CC-6 93,050

i cC-7 92, 900 99, 050 99, 330
1543 298 CC-3 41,900
CC-4 50, 200

CC-11 50, 000 47, 367 89, 503
7 CC-6 84,050
ccC-7 76, 100

CcC-8 74, 600 78, 250 122, 448
i 1581 298 CC-1 34, 100
cC-2 32, 540

CC-3 317, 820 34, 820 62, 587
M cC-4 54, 450
CC-5 57, 900

CC-6 54, 450 55, 600 103, 202
Rod UFW 298 RC-14-1 161,818

RC-14-2 140,808
RC-14-3 140,530 |147,719 151, 209

77 RC-14-4 |271,487
RC-14-5 279, 261
RC-15-1 |280,808 |277, 185 237, 646

Tension Tube BFW 298 CT-1 114, 300
CT-2 103, 000
CT-3 115,900 |[111,067 127, 200
7 CT-4 95, 200
CT-5 115, 700
CT-6 93,000 |101, 300 162, 800
1543 298 CT-1 138, 900
CT-2 145, 000
CT-3 145,800 |143,233 169, 316
7 CT-4 149, 800

CT-5 191, 900
CT-6 208,200 |183, 300 232, 385

1581 298 CT-1 65, 800
CT-2 56, 000
CT-3 78,100 | 66,633 92, 506
77 CT-4 100, 500
CT-5 103, 000
CT-6 106, 300 |103, 266 144, 543

*Based on mechanical properties testing.
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Table 32. Task III Test Results (Continued)
Test Specimen Test Average Expected
Test Configuration | Material | Temperature peNo Results | Results Properties*
(°K) ' (psi) (psi) (psi)
Tension Rod UFW 298 RT-7-2 330, 088
RT-7-1 304, 800
RT-8-2 292,800 | 309,229 294,928
7 RT-13-1 | 301, 600
RT-6-2 345,372 | 323, 486 330, 628
Flexure Rod UFW 298 RF-15-3 | 238, 200
RF-14-1 | 274, 400
RF-16-1 | 249,200 | 253,933 223,711
(i RF-14-2 | 416,000
RF-15-1 | 423,000
RF-15-2 | 423,000
RF-16-2 | 407,000 | 417,250 468, 554
Buckling Tube BFW 298 CB-2 42, 550
CB-3 47, 450
CB-4 45,250 | 45,083 37, 600
i CB-5 64, 800
CB-6 62, 300
CB-17 59,400 | 62, 167 41, 550
temp CB-8 51, 450
grad CB-9 41, 200 4Y, 940 -~
1543 298 CB-6 38, 860
CB-7 42, 200
CB-8 44,900 | 41,653 45, 750
71 CB-1 45, 800
CB-2 50, 000
CB-3 41,450 | 45,750 48, 650
temp CB-4 44, 250
grad CB-11 46,800 | 45,525 --
1581 298 CB-1 25, 260
CB-2 29,760
CB-3 32,400 | 29, 140 28, 500
71 CB-4 29,820
CB-5 36, 580
CB-86 33,020 | 33,140 32, 360
temp CB-8 40, 650
grad CB-9 25,160 | 32,905 --
Rod UFW 298 RB-9-1 16,050
RB-9-2 27,080
RB-9-3 20,140 | 21,090 9,000
7 RB-12-1 31,120
RB-12-2 32,020
RB-12-3 30,420 | 31,137 9,870
temp RB-10-1 26,000
grad RB-10-2 32,400 | 29,200 --

*Based on mechanical properties testing.
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Table 33. Determination of Stresses Based on Theoretical Thicknesses

*

. Number .
) ) Thickness Thickness/
Specimen Material (inches) L of Layer
ayers
Flat Panels 1581 0.140 13 0.0108
1543 0.140 14 0.0100
Compression Tubes
Actual 1581 0.052 4 0.0130
1543 0.045 4 0.0112
Theoretical 1581 0.043 4 0.0108
1543 0.040 4 0.0100
Tension Tubes
Actual 1581 0.040 3 0.0133
1543 0.035 3 0.0117
Theoretical 1581 0.032 3 0.0108
1543 0.030 3 0.0100
Stresses Based on Theoretical Thickness
Tension Compression
Material 298°K 779K 2980K 779K
1543 Cloth 163, 900 psi 221, 600 psi 57, 900 psi 817, 400 psi
1581 Cloth 82, 600 psi 128, 800 psi 42, 500 psi 68, 100 psi

against the thickness per layer of the cloth tubes. If the thickness of the tubes
were based on the number of layers of the tubes and the layer thickness of the flat
panels, the theoretical stresses would be as shown in Table 33. These values are
still below the expected values; however, this confirms the belief that the pres-

ence of voids is a major factor in determining compressive strength of fiberglass

laminates as reported in Reference 5.
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The axial direction on the cloth tube specimens and the UFW rod specimens cor-
responds to the parallel direction of the mechanical properties testing, whereas
on the BFW tube specimens, the axial direction corresponds to the normal test
direction. The BFW tubes before and after testing are shown in Figures 53 and
57. Before and after test photos for the other compression tube specimens are
shown in Figures 58 through 61. The UFW compression rods before and after

testing are shown in Figures 52 and 62.
3. Tension

Tensile testing of the rods and tubes required that special attention be given to
the bond of the metal sleeves to the fiberglass specimens. In both the rod and
tube specimens, problems developed in this bond. The original tensile rod speci-
mens had a primer coat of Bondmaster M602 on the steel sleeve before using a
901-B1 adhesive, and although ultimate failures occurred in the room tempera-
ture tests, this bondto the steel failed prematurely at the liquidnitrogen temperature.
The tests at the liquid nitrogen temperature were rerun, this timeusing no primer but
acid etching the steel sleeve and using an Adiprene and Moca adhesive. Although
one specimen failed in this bond at a stress level of 235,000 psi, the other two
specimens failed correctly (see Table 32). The UFW tensile rods before testing

are shown in Figure 44, and a typical ultimate failure is shown in Figure 63.

Preliminary tests were conducted on tensile tubes using only the internal loading
plug as shown in Figure 64. However, tensile testing of this specimen produced

a failure within the bond of the plug to the tube rather than a tensile failure of the
tube (see Figure 65). By adding the external sleeve bonded to the specimen as
shown in Figure 66, a failure within the specimen occurred as shown in Figure 67.
The test results for the cloth tubes again appear lower than the expected values
because of the lack of compaction possible in these specimens. However, when

the comparison is based on the amount of reinforcement instead of composite
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thickness as in Table 33, the results are equal to the values obtained on the me-
chanical properties testing program. The photos of the tensile test specimens
before and after testing are shown in Figures 68 through 73.

4, Flexure

The results of the filament-wound rods tested in flexure with center-point loading
and with a four-inch span are shown in Table 32. No problems were involved in
the room temperature or liquid nitrogen temperature testing, and the results of

the tests were satisfactory.
5. Compression Buckling

The compression buckling rods and tubes were axially compressed and the speci-
men lengths were sufficiently long to create a buckling condition. The critical
buckling stresses at room temperature and at 779K for the column buckling speci-

mens versus column length were determined from the following equations:

2
nm¢EI
Ser = A2 for Scr less than S;;/2 (6)
and
S,L2A
Ser = Sy {1 - 5 for S, greater than /2, (7
4n71°EIl

where Sy represents the ultimate compressive strength of the column material in
the axial direction and n is a constant depending on the conditions of restraint of
the column ends (see Reference 4). For the both-ends-free condition of our test
setup, n = 1.0. The photos of the buckled rod (Figure 74) and the buckled tube
(Figure 75) would indicate that a both-ends-free condition does exist. The test
results are plotted on the calculated buckling curves of Figures 76 through 78,

and whereas the results of the cloth specimen tests are similar to the calculated
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values, the filament-wound specimen test results are substantially higher than the

calculated values.

The buckling of specimens with a temperature gradient along their axes was also
performed. The temperatures at three points along rod and tube specimens with one
end in liquid nitrogen and the other end open to the room were determined using
the test setups as seen in Figures 79 through 81. The thermocouple locations on
the specimens are shown in Figure 82. The temperature survey results are pre-
sentedin Table 34. This temperature gradient along the axis hadno adverse structural
effect on the test specimens, with the test results in all cases falling between the

room temperature and liquid nitrogen temperature results previously obtained.

Before and after test photos of the compression buckling specimens for each

material are shown in Figures 83 through 86.

Table 34. Temperature Survey Results

PrmI————————————————————————————S————————————————

Elapsed Thermocouple
Time 1 2 3
(minutes) Temp (°K) Temp (°K) TempCPK

Rod - Reinforced Plastic UFW

0 84 181 292
7 90 181 291
12 90 181 - 292
15 91 180 293

Tube - Filament-Wound Reinforced Plastic

0 86 292 297
5 86 294 301
10 86 295 301
22 86 296 301
30 86 296 303
35 86 296 301
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Figure 56. Failed Compression Tube in Test Machine

Figure 57. BFW Compression Tubes after Test
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Figure 58. 1543 Cloth Compression Tubes before Test

Figure 59. 1543 Cloth Compression Tubes after Test
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Figure 60. 1581 Cloth Compression Tubes before Test

GOODYEAR AEROSPACE CORPORATION
AKRON. OH10

Figure 61. 1581 Cloth Compression Tubes after Test
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Figure 62. UFW Compression Rods after Test

! Figure 63. Typical Failure of UFW Tensile Rod
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Figure 64. BFW Tensile Tube before Test

Figure 65. BFW Tensile Tube
after End Plug Bond Failure
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Figure 68. BFW Tensile Tubes before Test

Figure 69. BFW Tensile Tubes after Test
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Figure 70. 1543 Cloth Tensile Tube before Test

Figure 71. 1543 Cloth Tensile Tubes after Test
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Figure 72. 1581 Cloth Tensile Tube before Test
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Figure 73. 1581 Cloth Tensile Tube after Test
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Figure 75. BFW Tube in Buckled Position
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Figure 76.
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Figure 77. Calculated Buckling Curves (77°K)
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Figure 78. Calculated Rod Buckling Curves

L

Figure 79. Buckling Rod with One End
in Liquid Nitrogen
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Figure 80. Determining Temperature
Gradient along Rod

Figure 81. Determining Temperature
Gradient along Tube
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Figure 82. Thermocouple Locations for Temperature Survey for Rod and Tube
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Figure 83. Typical Buckling Tube Specimens before Test

Figure 84. BFW Buckled Tubes after Test
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Figure 85. 1543 Cloth Buckled Tube after Test

| | | | | ‘
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Figure 86. Typical 1581 Cloth Buckled Tube after Test
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SECTION V. CONCLUSIONS

As a result of the work perfoermed on this program, significant progress has been
made toward the ultimate goal of obtaining a handbook of design data for reinforced
plastics at cryogenic temperatures. During the first year's effort, new testing
techniques, procedures, and specimen configurations were developed for the pur-
pose of upgrading and improving the validity and direct design utility of the test
data. During the second year's effort, a statistical analysis of the test data ob-
tained from these specimens and methods has confirmed the general validity of

the test results. Further statistical evaluations have determined the minimum
mechanical properties of the S_/HTS glass and epoxy resin combination in each of
four forms through the room temperature to 20°K range that would be exceeded by
95 percent of future specimens with a confidence probability of 95 percent. Fur-
thermore, the model testing has shown that these values apply not only to these test

specimens but also to actual structural parts fabricated of these materials.

Throughout the two-year effort, the potential for the use of fiberglass-reinforced
plastics for structural applications at cryogenic temperature has continued to

grow. The ability to reproduce the small specimen data in the structural models
and the determination of no detrimental effects due to weathering have further de-
monstrated that fiberglass will be the material of the future in cryogenic applica-

tions.
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SECTION VI, RECOMMENDATIONS

The initial goal of this program is the development of improved test techniques and
methods to more realistically determine the engineering potential of reinforced
plastics for structural applications at cryogenic temperatures. Although this goal
has been generally accomplished, further work is needed in the areas traditionally
noted for their wide variance in test values such as shear and bearing to obtain a
more usable statistical lower limit value. These test techniques and methods
should also be applied to other material combinations that are commercially avail-
able and appear promising for cryogenic service. This would help to broaden the
base from which the use of reinforced plastics in cryogenic structural applications
must grow. Also, provisions should be made for the limited study of any new ad-
vancements in composite materials that enter the reinforced-plastics field, so that

the advantages offered by these materials can be properly utilized in cryogenic
service.
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SECTION VII. PROGRAM PLAN AND
MAN-HOUR EXPENDITURES

The general program plan for the second phase of the evaluation of structural plas-
tics materials at cryogenic temperatures is shown in Figure 87. This program
plan is maintained in each progress report. The original planned approach for the
accomplishment of the over-all contract objective is charted. The work accom-

plished to date and any anticipated changes in the original plan are also depicted.

An accumulative man-hour expenditure chart is presented in Figure 88. Both the
estimated and actual man-hours are shown. This chart will be maintained in all

succeeding progress reports.
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1964 1965
TASK
J| AIlS O|N(D|J|F|  M|A|M|J]|JT]A

Contract Extension Received 4

Project Planning |—

" Monthly Report 4 | A A A 4 | 4 A

Quarterly Report 4 A 4

Final Report

Support Activities
Panel Fabrication - Filament Wound
- Cloth
Tensile & Shear Test Development
Tooling
Mandrel Design
Mandrel Fabrication
Cryostat Modification
Test Fixtures
Cryogenic Transfer Tube

Task I
Statistical Evaluation
Specimen Preparation
Testing
Shear
Tensile
Compression
Thermal
Analysis of Data

Task II

Test Planning
Specimen Preparation - Control :

- Exposure [ ]
Environmental Exposure
Testing - Flexure
Data Reduction

Task III

Design Sample Configuration

Specimen Fabrication g

Testing
Tension
Compression
Buckling
Flexure

Data Coordination

Figure 87. Program Plan (Phase II)
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APPENDIX A. COMPUTER PROGRAM - STATISTICAL EVALUATION

1. Regression Tolerance Limits

Statistical methods are applied to data from a small number of samples to infer
large population properties. Correctly inferred properties may be safely used as

design values when related to statistical tolerance limits.

This appendix documents the IBM 1410 FORTRAN IV Program employed on this
contract to derive the statistical evaluation results discussed in Section II of this

report.
2. Data Input Description

The required data for solution of the problems specified by engineering is con-
tained on data input cards. The format of these cards is shown in Figure 89. The
type of data required for each of these cards is described in the following para-

graphs. A sample input data run is shown in Figure 90.

a. Cards 1 through 3. A table of K(l—%) or K(l-C) versus % or C is read first.

This table consists of three cards. The present values for % or C are 0.50, 0.75,
0.85, 0.90, 0.95, and 0.99. The corresponding K(;_q) or K(1-0) values were
obtained from ""Tables of Probability Functions', VolumeII, U.S. Department of

Commerce, National Bureau of Standards, Second Edition, 1948.

b. Card 4. A header card that may contain any header that the user desires

(columns 1 to 80).

c. Card 5. A control card that tells the program which Z;'s are to be selected
for a run. For generality, a maximum of 35 Zi's is allowed. The form of these

Z;'s is described in Table 35. In this card the first 35 columns are used for
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Ki-9, P

K1-7, % K).q,

%o

Kl-%

%o

0. .5
1.28157
2.3264

.90
.99

<6145
1.64486
2.3264

.75
95
99

«84163

_2.3264

.8

_+99_

1.03647
2.3264

.85
«99

TABLE OF % VS K]-%

OR

. C VSKy_ ¢ .

__BFW_
11 11

COMPRESS]VE STRENGTH _

_~ HEADER CARD

- CONTROL CARD THAT TELLS X;'S TO BE USED

(No of X{s)5(No. oles)z.m 40707E&4.95( %)

.95(C)

-

3.75982E-5
2.49495E-4
3.38614F-10

Ci1

Cz2
C33

ho. oi,&m“s

“1CUBE

2.79428F-8
1.29210€E-9
6.45400F-6

Cyq4
Css
Cl2

-1.07813E-7
~7.24377E-13
~4.36076E-8

C
13

Cig

Cis

1.67671F-13
-2.40054E-6
-1.91231E-7

Cz3

Ca4
Coe

1.89236E--15
-2.23136E-15
3.61048F-15

C34
C3s
C4s5

1.48000E&2
1.2368E85

3.37500E8&13.34855E842.53125E634.99500E863
2.3379E62 -3.1809E&3
3.0151E~1

Z's

-1.0723

3.1781E81)

5 a; CARDS

CONTROL TO READ Xj CARD

298. X3 0. X2 -

1
298. X1 45, X ~

1
298. 90.

1 — -
197. 0.

1
197. 45. —

1 B _ .
197. 90,

1 i i ,
77. 0.

1
17. 45, -

1
17, 90.

1
20. 0.

1
20. 45,

1 -
20. 90.

9 (SIGNALS END OF RUN})

Figure 90. Sample Input Data Run
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Table 35. Z; Values

7. Corresponding 7. Corresponding
1 a Coefficient 1 a Coefficient
ag (constant term) || Zig = X3X4 ag4
21=%1 2 Z19 = X3X5 a35
29 = Xg ag Zoo = X4X5 a45
Zoq=X a
3 3 3 3
7Z.,=X ZZI = Xl alll
4 4 a4
= A = X3
Z5 = X5 ag 22 = X, 2992
2 3
Zg = X, a1 Z23 = Xgq 4333
2 o3
2 ‘ 3
Zg = X4 433 Zy5 = X5 a555
2
Zg = X4 a44 Zog = X1X9X3g 2123
2
Z10=X%5 a5 Zgn = X1X9Xy 2194
Zon = X1XoX a
le =X1X2 a12 28 1 2425 125
_ yA = X1XaoX a
le = X1X3 a3 29 14344 134
Zoon = X1XoX aq35
Z13 = X1Xy4 a4 30~ 130
Zgy = X1X4X5 - a145
Z14=X1X5 a5 Z3g = X9X3X4 4234
Z15 = X9X3 agg Z33 = X9X X5 4235
Z16 = X9Xy a9q Z34 = X9X4X5 2945
Z17 = X9X5 ags Z35 = X3X4X5 a345

142




GOODYEAR AEROSPACE

CORPORATION

GER 11214 S/22 APPENDIX A

control of Zy through Z35. If a Zj is to be used, the column corresponding to that
Zi will have a 1 in it. Zj's that are not used remain blank. Example: If Z{, Zo,
Zg, Zn, Z11 are to be used, columns 1, 2, 6, 7, and 11 of this card will contain
1's; all other columns will be blank.

d. Card 6. A control card that contains the following:

M - the number of Xj's

MM - the number of Zi's

N - the number of samples

S

PERCNT - the % of population (must be limited to the values referenced in
paragraph a.)

CC - confidence level (must be limited to the values referenced in para-

graph a.)
ICUBE - blank for quadradic, 1 for cubic.

e. Card7. Cy (i = 1, MM); Cij (i =1, MM-1, j = 1, MM) - coefficients by
Sy equation (one per card).

f. Card8. Zi(i = 1, MM) average Zi's (eight per card). -

g. Cards 9 through 13. a; (i = 1, 36) coefficients of y equation (eight per card)

in the following order: agy, a1, a2, a3, a4, a5, 211, 222, 333, 344, 2555 212, 213,

» 4555, 41935 2124

a14, 215, a93, 324, 225, 234, 435, 345 2111y 2222, 2333 44 3
2125, 3134, 3135, 2145, 3234 2245, 2345. (Blanks must be

total number of cards must be five).

a
ft for missing a's;

h. Cards 14 and 16. A card with a 1 in column 10. This is a control card to

allow stacking of several sets of values for Xj. It signals the program that an Xj

card is next.

i. Cards 15 and 17. Xj - Any number of X; cards may be stacked, separated
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by the card described in the preceding paragraph. (one card, i = 1, 5.)

j. Card 18. A blank card at the end of all Xj cards; this signals the end of a
run and tells the program the next card to be read is the header card for a new
run. Cards 2 through 17 are repeated, then another blank, etc. Any number of
runs may be stacked in this manner. Card 18 can also be a card with a 9 in col-
umn 10. This card signals the end of all runs. It is placed immediately after the
last set of data. No blank is required in front of this card; it essentially takes the

place of the blank on the last run.
3. FORTRAN Program Listing

The program listing is given in Table 36. A summary of equations for the calcu-

lation of tolerance limits is as follows:

y = ag +a12q + agZg + ay1Zg + a99Z4 + 21925 + ... ... + a345235- (8)

MM
Sy =s |l/n+ E Cy; (Z; - Z)?
i=1

MM-1 MM | 1/2
+2 2 Gy @i-Z) (% -F) : (9)
i=1 j=isl
o0 o0
2 .2/2
1-9% =1 eX2/2 4 and1-C = —— /2 g (10)
\]2" Kl_% \/—2; Kl_c
K +\/K2 - ab
1-% 1-% : (11)

KC,% = a

144




GOODYEAR AEROSPACE

CORPORATION

GER 11214 S/22 APPENDIXA

Table 36. FORTRAN Program Listing

REALKCPER
DIMENSIONX%50,2%35n,ZBARE350,A%360,0335,350
DIMONSTONXX$108,YYZ100

0c1006
cclol

DIMENSTIONOUMZ8O,NZ %350
FORMATZ311043F10.5, 100
FORMATZ8F1C.50

00102
00104
C0105

FORMATY1IX,5£15.80
FORMATEA10D
FORMATEF12.50

C0106
00107
00108

FORMAT®1HL,8410/n
FORMATS1Xy1HX,11,2X,F10.50
FORMATZIXs LHY 1 2X4E 154 845Xy 4HK SY92X4EL15.8,2Xy5HY-KSY,2X,E15.80

0109
00110

FORMAT25X s BHAT LEAST,F6.1,52H% WILL EXCEGD Y—-KSY WITH A CONFIDENCE PROBABILITY OF vFé6ely1HZ/0
FORMAT%35]1 10

DS6014#1,35

0096¢C

00300

IAJ T TON
READ¥1,10108XX%10,YYZIa, 141,100
READZ1,1040DUM

WRITE%3,1060DUM
READ%1,1100NZ
READZ1,1000M, MMyN, S,PERCNT,CC 4 ICUBE

ENUN
CPRNT4#100.%CC
PPRNT#100C.*PERCNT

WRITES3,1092PPRNT,CPRNT
MM1#MM=]
DO211T1#41,MMm

00311

READT1,1050C%1,In
DN310T#1,MM]
JJ#lel

ooe3lce

DD310JKJJ e MM
READT1,1050C%1,4n
READT1,1010%ZRARZIO,[4#]1,MMO

00301

IM1#MME]
READ%1,101u3A3In,141,3¢60
READE1,10001SWICH

IFEYISWTICH.EQ.90GUTOII9
IF¥ISWICH.LW.0u60T0300
READX1,1010%X%Iu,l141,50

0099C

CALCULATE Z TABLE
DOSCOIH1,S
LT 134X% 1o

00901

DOSOLTE6,10
J#1-5
cluixtyoes

1411
COS902J#1,4

I Rk
JJIHJIG L

00902

[#161

IFICUREL.EQ.0BG0TO200
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Table 36. FORTRAN Program Listing (Continued)

00903

DO9031#21,25
JHI=-20
¥ IafgxXsInes3

1#25 .
DN904JIH#1, 3
JJhJal

CCS04K#II 4
KK HKEL
DUSO4LHKK, D

00904
0020¢C

I3 1oRXEJOeXTKOeXTL D
T#181
SUM#O

0000¢

DOET#1,35
SUMEAZTE1D# /3 T0ESUM
YH#AS10OESUM

1141
C0950141,35
IFINZ%2IN.EQ.00G0TN950

0095¢C

Zellouz3ln
TT41161
CONTINUE

SUM240.
SUM3KG
DUTIHL,MM

00007

SUM2H#CST, 1o8% 231 0-ZBARSTDO®#2ESUM2
DO3T#1,MML
JJHIE]

00008

DOBJI# IS oMM
SUM3HCET, Jo*Z2510-2B8AR% (0N «23J0-28ARZIOOESUMS
SY#S#SORTZ1./FNLSUM2E62 . #SUM3D

00202

LO202t#l410
IFYPERCNT.EQ.YYSInOG0T0201
CONTINUE

00201

PALSELLL
PH#EXXEIN
DD2C31I4#1.10

00203

1FXCC.EQ.YYSINNGUTO204
CONTINUE
PALSELLL

CLAXXEIO
AAHL,~23CL*##20/%2, #3EN-1.000
BB #P##2-CL##2 /EN

KCPERHIPESGURTLP#®2—-AAwpBO0/ AA
FINHKCPER®SY
DO3IO6KHL 4 M

00306

WRITES3, 070K, X%4KDO
YKCY#Y-FIN
WRITES3,1080Y,FIN, YKCY

00999

GOTO3C1
CALLEXITD
ENC

4
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where
2
K
ac1._1C
2(n ~1)
2
b K2 Ki_c
= 1 - % - .
Kc, % Sy - (12)

4. Data Output Description

The program prints a line containing the values of % and C for identifying purposes.

A header line is printed for each run (i = 1, M). Finally Y, KC, q, and Sy are

printed as shown in the sample data output run (Figure 91).
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BFW COMPRESSIVE STRENGTH

AT LEAST 95.0% WILL EXCEED Y-KSY WITH A CONFIDENCE PROBABILITY OF 90.0%

X1 298.00000

X2 0.00000
Y 0.98124891EF 05 K SY 0.101370G73E 05 Y-—KSY 0.87987818E 05
X1 298.00000
X2 45.00000
Y 0.23384165E 05 K SY U.10587569E 05 Y-KSY 0.12796596E 05
X1 298.00000
X2 90.00000
Y 0.77356489E 05 K SY 0.13398056E GS  Y-KSY U.63958433E 05
X1 197.00000
X2 0.C000C
Y 0.12812174E 06 K SY 0.806890G2E U4 Y-KSY 0.12005284E 06
X1 197.00000
X2 45.00000
Y 0.5201065GE 05 K SY U«97219312E 04 Y-KSY 0.42288719E 05
X1 197.00000
X2 90.00000
Y 0.10461261E 06 K SY 0.10085152E 05 Y-KSY 0.94527460E 05
X1 77.00000
X2 0.00000
Y 0.13532416E 06 K SY 0.71224420E 04 Y-KSY 0.12820172€ 06
X1 77.00000
X2 45.0000C
Y 0.57584920E 05 K SY 0.88034782E 04 Y-KSY 0.48781442E 05
X1 77.00000
X2 90.00000
Y 0.10855873E 06 K SY 0.96231338E 04 Y-KSY 0.98935594E 05
X1 20.00000
X2 0.00000
Y 0.12792688E 06 K SY 0.93766144E 04 Y-KSY 0.11855027¢& 06
X1 20.00000
X2 45.00000
Y 0.49414264E 05 K SY 0.10166866E 05 Y-KSY 0.39247398E 05
X1 20.00000
X2 90.00000
Y 0.99614698E 05 K SY 0.12347170E 05 Y-KSY 0.87267528E 05

Figure 91. Sample Output Data Run
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